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SUMMARY.
A method is described for the preparation of the di- and tetra- 
sodium salts of hypophosphoric acid and, for their conversion, by 
a cation exchange method into the free acid in a pure state.
Using batch experiments with a cation exchange resin in the 
metal form and hypophosphoric acid, complex formation has been shown 
to occur between this acid and the divalent metals, beryllium, 
magnesium, calcium, strontium, barium, manganese, iron, cobalt, 
nickel, copper, zinc.and cadmium. Similar experiments have been per­
formed, for purposes of comparison, with orthophosphoric and 
perchloric acids. The results obtained in this way with hypophosphoric 
acid, have been supported, in most cases, by results of pH titrations 
of metal salt solutions with the acid.
The calcium and nickel hypophosphate systems have been invest­
igated by batch experiments using anion exchange resins in the hypo­
phosphate form. The occurrence of negatively charged complex ions 
with a metal to ligand ratio of 1:2 is indicated.
In addition, the calcium and cobalt hypophosphate complexes 
have been studied by another ion exchange technique using tracer 
quantities of radioactive isotopes. Results of these experiments 
provide further evidence of complexes, in the case of calcium, with 
a metal to ligand ratio of Is2. and with a negative charge, and of a 
complex with a 1:1 metal to ligand ratio in the case of cobalt.
Values are obtained for the dissociation constants of these complexes.
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The degree of complexing found with the transitional type and 
the non-transitional type divalent metals with hypophosphoric acid 
is discussed .and reasons are suggested for the differences observed 
between these two groups and, within the groups themselves. An 
attempt is made to correlate the complexing power with the ionic 
radius of the metal.
Comparison is made between the hypophosphate ion as a complexing 
ligand and the ortho and pyrophosphate ions.
The work described within this thesis was carried out in 
the Chemical Research Laboratories of the Battersea College of 
Technology, under the supervision of the Head of the Department,
Dr, J.E, Salmon.
The author wishes to express his sincere thanks to 
Dr. Salmon for his encouragement and advice throughout the progress I 
of the work and, also to the Senior Lecturer in Inorganic Chemistry, 
Mr. J.A.R* Genge, for many invaluable, discussions.
Grateful acknowledgement is also made to Dr. L.P. Larkworthy 
for assistance in the preparation of the ferrous iron form resin and, 
to the Permutit Company for a Post-graduate Scholarship.
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PART 1. 
INTRODUCTION.
1.1 Historical Survey.
1.2 The Purpose of the Work. 
1*3 The Scope of the Work. 
1*1*. Ion exchange resins.
1.1 Historical Survey
(a) The preparation of hypophosphoric acid.
The constitution of the acid.
(c) General properties of the acid and its salt, 
(a) Methods for the analysis of hypophosphates.
1.1a The preparation of hypophosphoric acid
Hypophosphoric acid, was isolated first by Salzer^ in
1877 from Pelletier!s ‘acide phosphatique1. Since that time, numerous
methods for its preparation have been described in the literature, but
most of these involve an oxidation process which is difficult to control
and, as a result, the yields are usually low*
In the earlier methods, sticks of yellow phosphorus were
immersed in water, or dilute sodium carbonate solution, and allowed to 
2oxidise slowly . These methods not only gave low yields but took a
considerable time. The reaction time could be reduced by using copper
nitrate as the oxidising agent^5^  and this also gave some improvement
in the yield, but had the additional disadvantage that large quantities
of phosphine were produced by the reaction.
The oxidation of the hydrolysis products of the phosphorus
5 6halides with iodine, has been used by Kolitov/ska , who has also
7
prepared the acid by the mild oxidation of phosphorous acid *
A method involving the anodic oxidation of metallic phosphide, 
usually that of copper, has given yields as high as 60$. The preparation
-8-
uses a copper cathode in a 2/o solution of sulphuric acid and a potential 
of 3 to 10 volts^.
Several methods involving the oxidation of red phosphorus by
8
some of the more common oxidising agents* e.g. alkaline permanganate *
iodine'*, bleaching powder^ and hypochlorites*^, have been devised. In
121949, Leininger and Chulski prepared the disodium salt of hypophosphoric
acid in good yield, by the carefully controlled oxidation of red
13phosphorus by sodium chlorite. Baudler modified their procedure to 
obtain a larger yield of the product and it is a development of this 
method of preparation which has been used in this work and which will 
be described in detail later.
Recently, Remy and Falius"^ have reported a similar preparation 
using the same starting materials, but with a somewhat simpler apparatus. 
Ho figures are given for the yield, so any direct comparison of the two 
methods is difficult. Undoubtedly the most important factor in any of 
these preparations is an efficient cooling and temperature control. If 
the temperature is allowed to rise, side reactions take place which result 
in a low yield of the hypophosphoric acid. One method of controlling 
the temperature without efficient cooling, is by the very slow addition 
of the sodium chlorite solution. However, this method alone would mean 
very long reaction times, particularly if it was required to make the 
acid in any quantity.
* * * * *
1.1b The constitution of the acid
Hypophosphoric acid has the empirical formula, H^PO^, but is 
accepted generally now as having the double molecular formula, H^P^Qg.
-9-
15However, this point has been debated in the past. Evidence for the
16 17
double formula has been obtained from x-ray diffraction studies, ,
18 l6magnetic susceptibility measurements, freezing point experiments and
13 19 Raman spectra, *
It is only comparatively recently that the structural formula 
of the acid has been established as,
HO OH
I I
O ^ P - —  P * 0I I
HO OH
17mainly as the result of the x-ray studies of Raistrick and Hobbs and the
13 19Raman spectrum work of Baudler.
Raistrick and Hobbs used the di-ammonium salt and from the results 
of their experiments concluded that the only possible structure for 
hypophosphoric acid was,
HO OH
I t
ojnp— p s ^ o
I I
HO OH
In the course of the discussion of their results, they rejected such 
structural isomers as,
HO 0 OH
\/\/
P P
/\/\
HO 0 OH
♦ 16which had indeed been previously rejected by Nylen and Stelling, and
HO OH
0— F-O-P
/ \HO OH
20which has been proposed by Blaser and Halpern,
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Baudler investigated the Raman spectrum of the acid, its 
ammonium salts and methyl ester; his conclusions with regard to the 
structure were in agreement with those of Raistrick and Hobbs. He 
found, however, that the six phosphorus to oxygen bonds were all equiva­
lent and were intermediate in character between P-0 and P=0; in fact 
he postulated that they had a bond order of 1.1/3. From this he 
concluded that the hypophosphate ion is a hybrid structure of three
on
conical forms,
0 0-  
I I
-0 0 - 0 0 -
! I i t i
0=P-
i
- 9=0
|
- 0 - P -
1
—P=0 
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-0
1
0 -
1
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4 t
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In addition he could find no vibration frequency which could be ascribed
to the phosphorus to phosphorus bond, but pointed out that this vibration
would probably be so modified by the presence of two large P0-, groups,
21that it would be undetectable. Corbridge has come to a similar con­
clusion in his investigation of the infra-red spectrum of the hypophosphate 
ion in several of its metal salts.
Some structural evidence is also forthcoming from chemical
5 6methods, for example, the acid can be prepared from which would
suggest the presence of a P - P bond. While recently a new closely 
related acid, H^P^O^, which also contains a P - P bond, has been prepared 
from this starting material?^ In addition the feeble reducing properties
of hypophosphoric acid indicate the absence of P - H bonds. However,
23isotope exchange experiments, designed to show the presence of a P - P 
bond and the equivalence of all P - 0  bonds, by phosphorus exchange, have
-11-
met with, little success. An. example of such a reaction is given by the 
23aequation ,
HjPO. + HjP*0'3 ^  (H0)20P-P*O(0H)2 + HgO + U^ EO^
Its failure is most probably due to the fact that the position of
equilibrium of the first reaction is to the extreme left of the equation.
* * * * *
1.1c The general properties of the acid and its salts
2A
Until recently the free acid, °r
the solid form, has been prepared usually by conversion of the sodium
salt into the lead salt, followed by the precipitation of the lead by
13 25hydrogen sulphide gas * . In the course of the present work a new
technique for obtaining pure solutions of the acid has been developed
and will be described later. This uses a column of cation exchanger in
the hydrogen form to convert the sodium salts to the free acid.
Hypophosphoric acid is unstable, even at room temperature,
in either the solid form or in concentrated solutions. There appear
to be two different mechanisms of decomposition, the first operating
in the presence of water and the second in its absence.
In the presence of water, a non-reversible hydrolysis of the
acid occurs, to give phosphorous and orthophosphoric acids according 
25to the equation ,
H4P2°6 + H20 - ^ H3I0 4 + ¥ ° 3
The rate of hydrolysis increases greatly with an increase in the 
temperature and also in the presence of an excess of a mineral acid 
as might be expected.
In the absence of moisture* even at room temperature, solid 
hypophosphoric acid converts spontaneously without a change in weight,
into a viscous, colourless liquid. The exact nature of the decomposition t
f
products seems a little uncertain, however, phosphorous, orthophosphoric
2k i
and pyrophosphoric acids have been identified in the mixture. This 
reaction has been investigated recently by Remy and Falius and they have 
reported the isolation of another new di-phosphoric acid, HjPgO,. from 
among the products of decomposition.2^
I
On the evidence of ionization constants and molar conductances, j
Tables 1 and 22^hypophosphoric acid is comparable in strength with 
pyrophosphoric acid. |
Acid ICj, K2 k3 4
H4P2°6 10_2'2
Iq-2.81
io-7-2? 10-10-03
H.P20„ 10~0,83 io-1-96 10-6.34 Iq-8.44
H,K>. lO-1*9 
3 4
10-7.24
Table 1.
10”12 -
Concentration in Conductance in mhos.
moles / litre. H4P2°6 H4P2°7
0.050 329.4 353.8
0.0125 417.6 438.6
0.00125 589.7 602.0
Table 2.
In the twenty five years following its discovery, the main 
interest in the acid, was centred in the preparation of a wide range of 
its salts. It was found that all four hydrogen atoms could be replaced 
by sodium, potassium and ammonium ions. Unlike the free acid, the 
salts are quite stable in either the solid form or in aqueous solution.
The simple hypophosphates so far prepared include those of 
ammonia, hydroxylamine, hydrazine, guanidine, lithium, sodium, potassium, 
rubidium, beryllium, magnesium, calcium, strontium, barium, copper, silver,
- 13-
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cadmium, 'bismuth, chromium, manganese, iron, cobalt, nickel, zinc,
15 !
aluminium, thallium, zirconium and thorium. A notable exception is |
mercury, which does not appear to form a hypophosphate. j
The di and tetra-sodium salts have a surprisingly low solubility .|
15 'in water, cf. Fig. 1,'"whilst those of copper, silver and ferric iron are j
insoluble. In contrast to the ferric salt, the ferrous compound is
readily soluble. In addition to these three metals, quadrivalent metals
in general react with hypophosphate ions to form insoluble precipitates.
In fact this is a quantitative reaction in the case of elements of j
Group 4a (Ti, Zr and Hf), the heavier elements of Group 5a (Hb and Ta),
IVthe actinides Th and U and the lanthanide Ce . It is expected that
Pa, Pu and Hp will react in a similar manner and this property has been j
1
made use in the separation of Th, Zr and Fb from one another. j
Several double hypophosphate salts containing either sodium, or j!
potassium and a divalent metal, have been prepared. These appear to be
j
of two types, the first having the formulas
MI3H oP„0£.K_HoPo0£.nHo0 ,2 2 o 2 2 2 6 2
where M can be Mn, Co, Hi, Zn, Cu or Cd§ and the second has the formula:
MIIH2P2°6.3K2H2F206..15H20 , j
where M can be Co, Hi, Zn or Cu. I
j
A few esters of the acid have been prepared^mainly for the j
purpose of investigating the structure of the hypophosphate ion. j
It would seem from the literature that very little work has been j
carried out on the properties of the hypophosphate ion as a ligand in j
complex formation. However, it has been reported that it forms anionic j
complexes which are of the form Na.PJD,-. 2X0- (X » Mo or W) with molybdates
15 d o 3 I
and tungstates. The only other complex containing hypophosphate, j
mentioned, is Ha[ Co(M^)^] BH^O.
It is possible however, that some of the above divalent metal
compounds, which were originally thought to be double salts, may well be
complex in nature.
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l.ld, Methods used for the analysis of hypophosphates
There are in general two basic methods available for the 
29
estimation of hypophosphates, (l) iodometric and (2) argentometric.
(1) Iodometric
This method was developed originally by Van Name and Huff, and 
makes use of the fact that hypophosphoric acid is quantitatively 
hydrolj/sed by mineral acids to give equimolecular portions of orthophosphoric 
and phosphorous acids. The solution is neutralised, buffered with sodium 
di-hydrogen phosphate and the phosphite reacted with excess iodine. After 
standing, the remaining iodine is determined by titration with thiosulphate 
solution. This method was tried at the beginning of the present Yrork, but 
was not found to be entirely satisfactory.
(2) Argentometric
(a) Probst precipitated hypophosphate as the silver salt, by the
addition of excess silver nitrate. The precipitate was then filtered off
and converted into the soluble silver ammino complex by the addition of
concentrated ammonia solution. The was treated with hydrochloric acid and
the silver removed and weighed as the chloride.
The procedure which has been used in the present study, is 
30
due to Jung and Wolf, and will be described in full detail in Part 2.3a.
Briefly however, it consists of adding excess standard silver nitrate to the
solution, removing the silver hypophosphate precipitate and determining the
remaining silver nitrate.
One other analytical method has been devised by Treadwall and 
31
Schwarzenbach, and consists of a potentiometric titration of hypophosphate 
against uranyl sulphate, UO^ SO^in sulphuric acid.
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1,2 The purpose of the work
It is evident from the preceding historical account, that the
properties of hypophosphoric acid as a ligand in complex formation with
metals, have been scarcely investigated. This is in marked contrast to
some of the other oxyphospliorus acids, especially orthophosphoric,
pyrophosphoric and the condensed ring and long chain acids^
It was felt therefore, that hypophosphoric acid might be examined,
firstly as a complexing ligand in its own right, and secondly in comparison
with orthophosphoric acid. The prediction was made that hypophosphoric .
acid would complex with metals to a greater degree than orthophosphoric acid
by reason of (l) its being a weaker acid and (2) when acting as a
bidentate ligand it can form a five membered chelate ring, in contrast to
orthophosphoric which must form a four membered ring. It should be added
that in similar circumstances, pyrophosphoric acid will form a six membered
ring. These points will.be discussed., in detail in Part 3
The range of metals investigated was chosen to show if any
variations exhibited by the metals, with respect to their degree of complex
formation with hypophosphoric acid, might be simply related to comparatively
well defined xoarameters, such as ionic radius, or ionization potential.
Thus a series of metals was required which had the same valency and were
33,3^
closely related in the Periodic Table. Irving and Williams nave discussed 
the stabilities of complexes of the metals of Group IIA of the Table, and 
of certain other divalent metals including those of the first transition 
series from v/hich the now, well established, ’Irving-Williams order of 
stabilities’ was deduced. There metals therefore appeared to fit the 
requirements well.
35In the course of work on orthophosphoric acid, Salmon and Genge 
had noticed that maximum complexing occurred with a certain optimum size 
of metal cation. It was hoped to extend this Y/ork to hypophosphoric acid 
and in this case the above series of metals would provide a wide range of 
ionic radii.
-17-
In addition it was felt that any differences in behaviour of 
the transition and non-transition metals would be of interest, since it is 
generally held that the metal to ligand bond in complexes of the Group IIA 
metals is almost purely electrostatic in nature ^ whereas the same bond in 
the case of the other divalent metals contains more covalent character.
Finally, thought was given to the fact that hypophosphoric acid 
might possess some particular property by virtue of its containing a 
phosphorus to phosphorus bond and this might become apparent if a really 
wide range of metals was studied.
1.3 The scope of the work
As a preliminary to the study which has been outlined in Part j
1.2, it was first necessary to find a convenient method of preparing 1
c ■ X
hypophosphoric acid, in good yield and in a high state of purity. It j
was imperative also to check that it was sufficiently stable to be usable. ;
The complexing power of the acid with a wide range of metals was |
examined. These were for the most part, members of Group IIA, or the }
first transition series of the Periodic Table and included, magnesium, j
calcium, strontium, barium, manganese, iron, cobalt, nickel, copper, zinc, j
cadmium and beryllium, all of which were in the divalent state. Whilst j
zinc, cadmium and beryllium are not members of either of these two series, 
they were included for purposes of comparison and also as they completed the j 
range of ionic sizes used. I
The degree of complexing which occurred between each of the 
metals and hypophosphoric acid, was estimated by means of batch experiments ; 
with the metal form of an ion exchange resin and the acid. Similar 
experiments were carried out under the same conditions with orthophosphoric j
j.
and perchloric acids, the purpose of the perchloric acid will be explained j
in Part 2.1a. Under these conditions it is thought that if complexes are j
35formed, then they are mainly anionic.
In an attempt to detect any cationic complexes that might be
formed, a pH titration technique was used, in which solutions of the metal j
chlorides were titrated against hypophosphoric acid. Both of these methods
35,36. i
had been used sucessfully by salmon and co-workers ' !
As a result of this work it was decided to study one - !
representative metal from each of the two groups, in further detail $ 
nickel and calcium being chosen for this purpose. Therefore batch 
experiments were carried out using anion and cation exchange resins, the 
aim of which was to determine the sign and the size of the charge on the 
nickel and calcium hypophosphate complexes. This method has been used also 
by Salmon in previous work,^?’^  j
In conclusion, it was desired to obtain a more quantitative 
measure of the existence of the divalent metal hypophosphate complexes.
-19-
39
Schuberth method for the.measurement of dissociation constants, using 
ion exchange resins and radioactive tracer quantities of metal, was employed. 
The metals chosen were calcium and cobalt, cobalt being used in preference 
to nickel for practical considerations which will be mentioned later.
-20-
1*4 Ion Exchange
Cation and anion exchange techniques have heen used in “both the 
preparative and analytical experiments carried out in this work. The use 
of modern synthetic ion exchange resins in small and large scale 
applications is well established and needs no explanation, hut many types 
of resins are available commercially and some knowledge of the properties 
and differences is required in order to select the type best suited to 
any particular application^
The resins consist of a matrix of polystyrene cross linked with 
a compound of the divinyl-benzene type and with approximately one active 
exchange centre or group per hydrocarbon ring. In the case of cation 
exchangers, the active group is commonly a carboxylic or a sulphonic acid 
with, in either case, a labile hydrogen able to exchange with other cations. 
The carboxylic acid group gives rise to a weakly acidic cation exchanger, 
usable only in neutral or alkaline solutions and showing a slower rate of 
exchange, Sulphonic acid groups, on the other hand form strongly acidic 
cation exchangers with an exchange* capacity independent of pH and a rapid 
rate of exchange. In the same way, there are two main forms of anion 
exchanger, a weakly basic form with amino groups and a strongly basic with 
quaternary ammonium groups. The weakly basic type is usable only in acid
solutions and the strongly basic can be used over a wide pH range. The
strong form is more useful for most purposes and all resins used in this 
work were sulphonic acid type cation exchangers and quanteSnary ammonium 
type anion exchangers. \
These resins may be regarded as an insoluble acid or base with the 
usual properties and reacting stoicheiometrically and in accordance with the 
law of mass action,
Qation exchange.
BX + Y+ BY + X+
Anion exchange.
EX + Y~ EY + X~
-21-
. j
The resin can also he regarded as a semi-permeable membrane and Donnan j
membrane equilibria theory may be applied to the system.
The actual exchange is largely a diffusion process and the time
required to achieve a state of equilibrium, that is, the rate of the
exchange reaction depends upon one of two steps. The rate determining 
step is either diffusion through the layer of solvent adjacent to the resin 
bead or diffusion through the bead itself. With small ions as used for 
this work the former applies and the time allowed (usually 7 days) was more 
than adequate for equilibrium to be attained,
Hot all ions have the same affinity for the resin. In dilute
solutions, ions with a high charge are sorbed more strongly than those
with a lower charge and the affinity increases with an increase in the 
non-hydrated ionic radius. The higher the polarizability of an ion and j
the lower its degree of hydration, the more strongly will it be sorbed by j
the resin.- |
The two main variables with any given resin are bead size and j
degree of cross linking and the choice of value for these is largely a j
compromise. A low degree of cross linking permits free passage of ions ]
but also results in considerable swelling and shrinking with change of |
pH. A high degree of cross linking on the other hand tends to slow down j
the movement of ions in the resin but reduces the volume changes.
As described later, the resins were required for column elution
experiments and also for batch exchange experiments in flasks. Too large j
changes in volume are a nuisance for column work where careful packing of the | 
column is important. Bead size is also an important consideration. Large j
beads tend to give rise to ’channelling’ of the eluant and consequent \
reduction of the ’effective length’ of the column. Small beads pack very 
well but result in very slow elution. Requirements for the batch experiments 
are less critical, but again a compromise is best, as very small beads tend
to float on the surface of the liquid.
For all the applications in this work, cation exchangers of j
cross linking about lOfo divinylbenzene and bead size 20—50 mesh were used.
-22-
Anion exchangers of the same head size and with a water regain value of 
ahout 0.8 were used. The percent divinyl benzene is an accurate measure 
of crosslinking in cation exchangers but with anion exchangers, side 
reactions which occur in the preparation make it an unreliable measure. 
Water regain is a value of the swelling or water uptake under fixed 
conditions and is a very useful way of expressing crosslinking in the case 
of anion exchangers. The details of the experiments for determining the 
capacities, bead sizes and so on for the various resins used are given in 
the appropriate experimental sections. The actual resins used were 
Zeo Karb 225 cation exchanger and Deacidite FF anion exchanger.
-23-
PART 2 
TECHNIQUES
2.1 Ion exchange.
2.2 pH titrations.
2.3 Analytical methods.
-24-
2.1 Ion exchange methods
(a) Batch experiments for estimating the degree of complex 
formation.
00 The determination of the sign and size of the charge on 
the complex ion.
(c) The measurement of the dissociation constants of the 
complexes .
2.1a Batch experiments for estimating the degree of complex formation 
A qualitative estimate of the degree of complex formation 
occurring between a metal and a particular ligand, can be obtained from 
simple batch experiments using a cation exchanger which has been converted 
into the metal form. The amount of metal removed from the resin by the 
ligand is compared, under identical conditions, with the amount removed by 
a non-complexing eluant. In the work described the eluants used have been . 
in the acid form, namely hypophosphoric, orthophosphoric and perchloric 
acids.
If a sample of the metal form resin is placed in contact with a 
solution of the 'non-complexing*acid, the reaction which takes place is 
a simple exchange on the resin of metal ions for protons, so that the 
following equilibrium is set up :
MR + xH+ xHR + MX+ ... ...   (l)
The position of this equilibrium will be influenced by the nature of the 
metal ion and the concentration of the hydrogen ions. It is to be expected, 
therefore, that different amounts of metal will be removed from the resin 
as the pH of the ambient solution is varied.
If the experiment is repeated under identical physical conditions 
with a complexing acid, H L, equilibrium (t) is established and, in addition, 
a further equilibrium due to complex formation is set up, i.e.
nlX+ + s HpL ^ = ^ r [ M n Hr Lg] ^  + r ~ SP  ^+ (sp -r)H+ ...... (2)
-25-
This reduces the concentration of free M ions in the external solution, 
to an extent governed by the position of equilibrium (2), and an 
equivalent amount of M is released from the resin to maintain equilbrium 
a). Thus if the results of this experiment with the complexing acid 
are compared with those of the previous one, it is found that the acid,
EJj, has removed more of the metal from the resin, for any given hydrogen 
ion concentration. This in itself indicates that complex formation has 
occurred and the excess amount of metal removed by H L compared with the
Jr
other non-complexing acid, gives some measure of the degree to which it has 
taken place.
In the present study, batch experiments of this type were carried 
out with cation exchange resins in various metal forms, using hypophosphoric 
acid, orthophosphoric acid and perchloric acid. The results are given in 
Part 2*3. Prom these it is possible to compare the degrees of complexing 
of hypophosphoric and orthophosphoric acids. There is no evidence that 
perchloric acid complexes with bivalent metals under the conditions used, 
and the results obtained with this acid were used for comparison as 
explained above.
* * * * *
2.1b The determination of the sign and size of the charge on the complex 
ion
The detection of complexes has been described in Section 2.1a, 
but before it is possible to assign formulae to these, information 
concerning the sign and the size of the charge must be obtained. An ion 
exchange batch technique for this purpose has been developed by Salmon and 
co-workers, 37 >38.
The sign of the complex or complexes is determined simply by 
allowing a sample of cation or anion exchanger to come to equilibrium with 
the complex solution. Then if the cationic resin, when analysed is found 
to contain some of the anionic ligand, this is evidence for the formation 
of a cationic complex. Similarly, if it is found that some of the metal 
is sorbed by an anion exchanger, then this is an indication that anionic 
complexes are present. It is, of course, possible for the two types to
-26-
co-exist in the same solution, and it should be noted that if neutral 
complexes are present, they will not be detected by this method.
The procedure for the evaluation of the cationic or anionic charge 
also makes use of ion exchange.
Complexes which are sorbed by a cationic resin.
Consider the formation of a lsl complex between the metal cation 
and the acid
MX+ + 1 1  [M it, L] (z+r-I>)+ + ( p-r)H+ •
As will be seen later this is the only simple cationic type which can 
exist in the case of a divalent metal-hypophosphate complex, A sample 
of the cation resin in the hydrogen form is now placed in contact with a 
measured volume of the solution containing the complex, and the system is 
allowed to reach equilibrium. It is then analysed, Now if the total 
number of moles of metal, both free "and complexed, which are sorbed by 
one equivalent' of the exchanger is ’N^; and the number of moles"' of ligand 
which are sorbed per equivalent of exchanger is NT, then for the sorption
C+ / \of the complex, [M L] , where c « (x + r - p), together with M
on one equivalent of exchanger,
moles of complex sorbed =
x*f*moles of free M sorbed = N - N,m L
Equivalents of complex sorbed = cl^
X+ / \equivalents of free M sorbed = x
Total equivalents = 1 «* N^(c-x) + xNm ... , . . .  ... (i)
In the case of a divalent metal reacting with hypophosphoric acid 
x = 2 and p « 4, so that equation (l) reduces to
1 = JSL - (2 + r - 4 - 2) + 2 1  L m
= Nr (r - 4) + 2 N L v ' m
which can be solved for r. If a non-integral value of r is obtained,
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then a mixture of complexes is indicated. The value of the charge, c 
may be found from r by the relationship,
where x ** 2 and p « 4 in the case of hypophosphoric acid and a bivalent 
metal.
Complexes which are sorbed by an anionic resin
the acid HpL, will now be considered.
The experimental procedure is very similar to that used in the 
case of the cationic complex. Samples of an anion exchanger in the form 
of the ligand anion, are allowed to come to equilibrium with known volumes 
of the complex solution. In order to determine the form in which the free 
acid is sorbed by the resin under the experimental conditions, a control 
experiment is carried out, in which the resin is placed in contact with a
c
certain volume of the acid, of the same concentration and pH as in the
complex solution. If it is found that the free acid is sorbed as
H L ^  in the absence of the metal ions and if the number of moles s
of metal sorbed per equivalent of exchanger is and the number of moles 
of ligand (both free and complexed) sorbed per equivalent of resin is 
then for one equivalent of the exchanger,
(x + r - p) ,
The case of the formation, in solution, of the lsn anionic 
complex, [M H^Ln] a~, where a * (np - r - x), between the metal Mx+ and
moles of free [ H L ] ^  s
moles of complex sorbed
(P-S)“
Equivalents of complex sorbed 
equivalents of free ligand sorbed
m
(p-s)(n l - n Nm)
Total equivalents * 1 » U t [ a - (p-s)n] + (p-s)HL .
As before x = 2 and p = 4 in the case of t-ie divalent inetal-hypophosphate 
system, so that the above equation reduces to,
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1 a H  [ 4n - r - 2 - 4n + ns ] + (4 - s)
= Nm (ns - r - 2) + (4 - s) 2&L,
the value of s having been determined from the control experiment. So 
that provided that information is available concerning the possible value 
of n, then the equation can be solved for r. Once r is known, then as 
before, the value of the charge can be deduced. A non-integral value of 
r would indicate a mixture of complexes.
* * * * *
2.1c The measurement of the dissociation constants of the complexes
The experiments described above are only a qualitative
investigation into the hypophosphate complexes and, although some idea
is obtained of the degree of complex formation, it is not accurate enough
to give any values to the dissociation or stability constants of the
complexes which are found. A method for determining these dissociation
39constants has been developed by Schubert. Use is made again of ion exchange 
resins, and trace quantities of metal'ions. ' * * “
The technique has been evolved primarily for use with cation 
exchange resins, though it is possible to apply it to anion resins.
In. essence the method consists of comparing tlie amount of the metal' • 
cation,taken'up by the exchanger in the absence of the ligand, with the 
amount taken up in the presence- of the ligand. This'is achieved by ~ 
placing samples of a known weight of the resin,'usually in the'sodiu'm : 
forai, in contact with solutions containing trace amounts'-’of the metal 
in the form of one of its radioactive isotopes, ’and varying amounts r 
of the ligand. In each ease the system is-'swamped with an inert.
electrolyte,' which has the same cation as that 'on the resin, so that
all the solutions have'as-nearly/the same ionic strength as possible.
A separate'experiment is performed under identical conditions, except 
that the ligand is ommitted. ■ r
The method has the following advantages:
(l) The use of very low metal concentrations avoids
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difficulties as explained below.
(2) It can be used over a very wide range of pH and
temperature conditions.
(3) It is a rapid and comparatively simple procedure
(4) It is capable of producing accurate results.
The reaction between the metal M and the ligand L to form 
My can be represented by the following equilibrium,
M L z 52^: yMX+ + nL3^  ,y n ^
where (xy ^  np) ** z and z 0 for an anionic complex. If the law 
of mass action is applied to this equilibrium, then,
K * r-Mx+1 y r LP~ 1 n . . .  . . .  . . .  . . .  . . .  (1)
a [ m l  gL y n J
where K is the thermodynamic equilibrium constant and the quantities
a r- . . 1denoted by [ ] are the activities of the species indicated. By substituting 
stoicheiometric concentrations and activity coefficients in equation (l), 
it can be seen that, ^ n
V -    (2)
<*y O .  * ( y „ 8> .
from which K may be defined as, c
K_ = (MX+)y (LP~)n
C ... ... ... ... ... ... \ O /
(l! L Z)
' y n '
can- be described as a dissociation constant, since it is a measure of 
the tendency for the complex to dissociate.
The Schubert method is based on the fact that the isotherm for 
the sorption of tracer amounts of metal on to a cationic resin, has been 
found to be linear over an extensive concentration range5 provided that 
a constant v^ eight of resin and a constant volume of solution are used.
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This can “be expressed as,
(ME^) « = $ MX+ sorbed x volume of solution
Mx+ 100 - $ Mx+ sorbed x weight of resin
or> o
K ^  o V  , o . * e « • o » * o e » t « • o * • • # • ( 4 )
d  0 1ST
where K? is the distribution coefficient of the metal between the resin 
d
and the solution, v is the volume of the solution and m is the weight 
of resin used.
If the ligand L^ "* is now introduced into the solution and 
complexing occurs to form an anionic, or neutral complex [ M Z,
zjs£0-, (neither of these will be sorbed by the resin), then the amount of 
free Mx+ ions in the solution will be reduced by an amount which is 
directly proportional to the stability of this complex. Thus it can be 
seen that less M will be sorbed by the resin, so that a new distributior 
coefficient is obtained, i.e.,
( M E ) '  «■ K. = y.v ( r \X u. ' « * * « . «  # . • .*# \J}  m
(Mx+)f
In the extension of this argument to the measurement of the
zdissociation constant of the complex [M L ] , the following conditions
y
and assumptions are introduced?
(1) Only one complex species is formed.
(2) The ligand is swamped by an excess of a neutral
salt, so that the ionic strength of the solution 
remains as near constant as possible.
(3) The concentration of the metal ions is negligible
compared with that of the free ligand,
(4) The same hydrogen ion concentration, volume of
solution and weight of resin are used throughout 
a given series of experiments.
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(5) No sorption of the ligand anion, or of the complex 
occurs.
( O  The resin in previously saturated with the cation 
of the neutral electrolyte.
The terms which will he used, will now he defined?
x+a is the percentage of M sorhed hy the exchanger at
equilbrium, when the ligand is present,
x+
aQ is the percentage of M sorhed under identical
conditions, hut in the absence of .
s is the percentage of the metal remaining in the
solution at equilibrium, with present? 
i ,.e, s = 100 - a .
*0*"s is the same as s, hut in the absence of Iro '
i.e. s *= 100 - a . o o
** a /s , i'.G.tho slope of the sorption isotherm •
is the concentration of the free ligand.
x+M is the concentration free metal, i.e* in a, {3 or
Jf counts pop minute per millilitre of solution •
is the concentration of the complex, expressed in 
counts of MX+»
or (M L ) s s - a ... ••» ... ... *•* (6)
y m X
If (MR ) is the concentration of the sorhed metal then from 
equation (4)?
M as (MR ) ... ,#» ••• o,» (T)
(M L z) v y n 7
Substituting for M in equation (3) 
K = (MR )y. ( L ^ ) ny-J • J (0\
«  •  •  • * •  • • •  •  I  *  *  •  *  \ /
X? < V n E>
It can be seen that (M Lz) is the total counts remaining in solution at
y ^ •
equilibrium, less the counts of free metal M , the value of which is
( m x) .
Xo
Thus equation (8) can be expressed as,
Kc a (counts of MX+ sorbed)y . (L^ ~*)n
y f total counts of Mx+ _ counts ofMx* sorbed 1
Ao remaining in solution ~ ^ j
i.e Kc = ay (LP~*)n .............    * ... ... (9)
4 -' £]
As mentioned earlier, \ Q can be evaluated by carrying out the experiment
in the absence of the ligand, so that a and s are determined and\ is° v o o o
obtained from the relationship,
\  « a■^ o o
so
In this way the equation can be solved for K .c
Alternatively if several experiments are performed at varying
ligand concentrations, then by taking the results of these, in pairs,
can be eliminated and several estimates of the value of K obtained.c
However it is preferable in this case Id obtain K graphically.c
If the expression for the equilibrium,
[Myig21 -si ylf+ + nlp-,
is rearranged to give:
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and if el « n f , where E ’may, or may not he an integer then equation (9) 
can he y written,
• • •  •<• (lO)
a (Lp )r « a (L^ *")a * ••• ••• •••(ll)
\p 3 - a s(\_ - a)
0 s
- a(Lp-)n ' ( L ^ f
Vo
• • ••• (12)
Multiplying (12)9 top and bottom by v and substituting from equations
(4) and (5)? then m
K = K, (LP-)nt /C CL ______ » • • «*« o»»\ J. j)
K° - K .d d
e 1
, t , ##• *#• M* (14)
Equation (14) can be rearranged to give,
K K. » (LP ) + K ••• ••• ••• (15)c d ' ' c
Ka
Hence, 1 as iL ••• ••• ••• *•# (16)
K K° K°0 d d
-3*f-
Thus 1 is plotted against (L^”)!i!l, and this will he a straight line 
*d
provided that the correct value of a*has heen chosen. The value of
can he obtained by extrapolation and the value obtained, can be checked
by a separate experiment. The value of the dissociation constant K isc
obtained from the slope of the above graph.
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2.2 pH titrations
The information obtained from the ion exchange batch 
experiments described can be supplemented and, to some extent, verified 
 ^by potentioj^netric titrations of the metal solutions with the complexing 
acid. This technique has been used by Salmon and co-workers . The 
changes in hydrogen ion concentration as increasing amounts of the 
complexing acid are added to the metal solution, are compared in the 
cases of complexing metals, and alkali metals which do not form 
complexes under these conditions.
When the acid is added to the alkali metal ion solution, the
decrease in pH of the solution is governed solely by the degree of
dissociation of the acid,
M+ + H L — ** H l/p"s) + (p-s)H+ + M+p ^—  s /
These changes are best illustrated by plotting the following graphs,
(l) pH against f LI , (2) [H] against f Li and (3) AfHj against fUl
cm] ■ . [m] m  m
where 00 is the concentration of the metal ions in the solution, 03 
is the concentration of ligand, [H) is the concentration of hydrogen 
ions and A[ifl » [ H]  ^ - [ H] Q where [ H] ^ and [ H] ^ are
the respective hydrogen ion concentrations at the beginning of the 
titration and at any point during it.
If the titration is carried out with any other metal and the
same ligand, then either the release of hydrogen ions into the solution 
will occur to the same extent, or it m^y occur to a greater or lesser 
extent.
If the first possibility is found to be true, then this can 
usually be taken to indicate that no complex formation has taken place, or 
only very weak complexing has occurred, that is, the dissociation constant
of the complex is very large. This will be indicated by the very close
similarity in shape and position relative to the axes, of the three plots, 
described above, for the alkali metal and the metal under investigation*
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When the hydrogen ion release is greater or less than in the 
case of the alkali metal, this is again shown by the three plots, of which 
those of [H] against fT} and A[H] against [L^ are the most useful 
and are illustrated in F'EgL, 2 and 3. These may te interpreted as 
evidence of complex formation.
Theoretically if only one complex is formed in each case, the plots 
would comprise two intersecting straight lines. Since the release or 
removal of protons from the system will proceed at a uniform rate until 
no more complex is formed, after which the addition of further amounts of the 
ligand will cause the hydrogen ion concentration to increase at a steady 
rate, very close to that which is detected in the case of the alkali methl. 
Referring to Figs, 2 and 3? it can be seen that the hypothetical experimental 
curves, B and C, in each case do approximate to two straight lines. The 
slight curvature might be due to the fact that the final complex requires a 
short time for its formation, which is governed by the time required for. 
the reaction, or breakdown of transitory intermediate species. If the 
curvature is very pronounced, as in practice it may be, then this might 
indicate the formation of a continous system of complexes.
In each of the diagrams the line A represents the plot obtained 
for the ’non complexing* alkali metal. Referring to Fig. 2, B would be
a typical plot for the formation of an anionic complex, since there is an
-
increase in the number of hydrogen ions released. With hypophosphoric
acid this could be represented by the reaction between a divalent metal 
2+M and the acid v/hich is usually dissociated into,
2 H + + H2P206“
which is shown by line A. Row if a lsl complex is formed between the 
metal and the acid, represented by the equation,
. M2+ + [MH'L]" + H+,
the additional release of protons is indicated by ob, the initial part of 
line B. By noting the position of b, the ratio of the metal to ligand in 
the complex may be determined, provided that the metal ions are present in
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2+the solution as M and that no hydroxy species are involved in the !
complexing reaction.
Referring now to the AFTT^  v fh] plot in Fig# 3, and
C "[M] T O
bearing in mind the above assumptions made as regards the ions in solution,
then the number of protons? in the complex can be evaluated from the slope
of the line ob-’ • Since the slope of the line is given by,
AfHl ,
M
a slope of 3, for example, would indicate that three protons were released
into the solution for every ligand molecule added to it, ie» it would
3-indicate that the ligand was present in the complex as H L , After point 
bf, complex formation ceases, so that the slope of the lino is governed by 
the dissociation of the acid, ie. it would have a slope of 2, indicating 
the reaction
^ + ^2^2^6""? an(^  woul(i parall®! the -
line A. In addition by noting the position of b ’ , the metal to ligand ratio 
in the complex can be confirmed. Thus it can be seen that by the use of •* 
these two plots, the nature of the complex can be determined#
Again by applying the above assumptions, curve C would indicate 
the formation of a cationic complex, and by a similar reasoning to that for 
B, the formula MH^L + could be postulated. However as mentioned 
previously, in actual practice the nature of the curves obtained may prevent 
the unambiguous detection of either cationic or anionic complexes.
AFH]
M
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1
2*3 Analytical techniques |
(a) The determination of hypophosphate. 
o>) Complexometric analysis •
(c) Other analytical methods .
 ^ !
2.3a The determination of hypophosphate !
The most suitable method for the quantitative analysis of j
30 shypophosphate was found to be that due to Jung and Wolf. If the j
hypophosphate was present in the acid form, it was first neutralised with 
sodium hydroxide to pH 6.5| if present as the di*so&ium salt it was
simply dissolved in water. A known excess of a standard solution of silver!
nitrate (approximately /-^ q ) was added with stirring, followed by 2 - 3 ml. j
of ether. After standing for one to two hours and then being throughly J
washed by decantation with water, the precipitate of silver hypophosphate j
was removed on a grade 4 sintered glass crucible. The filtrate and j
washings were received directly in to a Buchner flask, 10ml. of dilute (
nitric add added to the solution and the excess silver nitrate determined f 
by titration with potassium thiocyanate, using ferric alum solution as the j
ji
indicator. jl
* * * * *
1
2.3b Complexometric analysis j
Introduction j
Most of the divalent metals used in the present work have been 1
analysed by means of complexometric titrations with ethylenediamine 
tetra-acetic acid and a variety of indicators. Since 1945> in ibe course 
of its development, this technique has been the subject of many papers and j 
several text books,^ One of its chief advantages is that low [
f
concentrationsof metals which otherwise would have to be determined I
• f
gravimetrically, can be estimated rapidly by a simple titration. j:
The underlying principle of complexometric analysis is similar j
to that of acid-base titrations in which the hydrogen or hydroxyl ion 
concentration is altered and the change followed by a physical means or by [ 
a chemical indicator which changes colour at a certain pH. In a
- k o -
complexometric titration, the reaction results, in a change in the
concentration of the free metal ions and the change can also he followed
by a physical means or with a chemical indicator which is sensitive to
n+the metal ion. The concentration of the free metal ion M can be
expressed as a pM value which is similar to pH in that pM = - log^O^ 9
If such a reaction is to be applicable to accurate analysis, 
it must be rapid, stoicheiometric, and give a stable and soluble product 
and in addition,, usually it is necessary for the complex to be formed in 
one stage to give a clear end point. It is also preferable for the 
complex to be of a chelate type with a structure involving a five or six 
membered ring, as this produces a more stable product, Ethylenediamine- 
tetra-acetic acid (EDTA) has been shown to possess these properties and 
forms a lsl complex with a large number of metals, by means of five 
membered rings. It has the structure*
HOOC. CH0 #CH0. COOH2 / d
- 0Ho - CH0 - IF 
/  ■ \,
HOOC, CH2 CH2, COOH
and the structure of the octahedral metal complex is ,
'(CHj2*2
CO-CH
\  /  2X C0X
The dirsodium salt is used in preference to the free acid on 
account of its higher solubility in water. The EDTA solution is 
standardised by direct titration against a solution of zinc sulphate
-Zfl-
which is used as a primary standard. Solutions of metal ions can be j
titrated either directly, or indirectly by the addition of excess EDTA, 
followed by a back titration with a standard metal solution, usually 
zinc or magnesium. This latter procedure is usually used for those 
metals which" are insoluble at the pH at which the titration is carried 
out, or for those metals which do not give good end points.
The metal sensitive indicators which are used in these j
titrations are analogous to those used in acid-base titrations, and 
indeed they are often sensitive to pH as well. They are powerful dyes ;
and form a highly coloured complex with the metal at a particular pH.
If a clear point is to be obtained, the indicator-metal complex must be less ji
strong than the EDTA-metal complex, but it must be strong enough to ■
resist hydrolysis at high dilutions. Many indicators though not |
specific for one metal are usually found to be applicable to only a limited I 
group of metals and over a limited pH range. Most belong to one of two 
classes^ those based on phthalein, e.g. metalphthaleru,pyrocatechol- 
violet, and those derived from substituted azo compounds, e.g. eriochrome 
black-T. There are, however, a few unique compounds, such as murexide 
(ammonium purpurate).
Though complexometric titrations with EDTA are capable of 
giving accurate results, they are susceptible to inteference under certain 
conditions. This will occur, when another strong complexing anion, 
dr ligand, i:s present to compete with the for the metal, or in
solutions of high ionic strength.
Analytical procedures
Reagents
Tie water used for making up all solutions was of high purity 
and distilled from an all glass still,
EDTA solution
An approximately M/150 solution was prepared by dissolving about 
2.5g of the di-sodium salt of EDTA in one litre of water.
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Zinc sulphate solution
A solution of known molarity (approximately M/15O) was
prepared by dissolving a known weight (about 2.6g.) of Analar grade
Zn SO.. 7HJD in one litre of water.
4 2 '
Barium chloride
An approximately M/15O solution was prepared by dissolving a 
known weight ( 1*7 g.) of Analar grade BaCl^ in one litre of water.
Buffer solution for pH 10
Analar ammonium chloride (55g°) was dissolved in water (200 ml.) 
to which 0.880 ammonia (350 ml.) was added, and the solution made up to 
one litre with water. If the pH of the resulting solution was not 10,: 
it was adjusted to this value by the addition of a few drops of 
concentrated hydrochloric acid or 0,880 ammonia.
Indicators
Eriochrome black-T solution
0.05g. of solid eriochrome black-T were dissolved in 25 ml. of 
water and the solution made alkaline with one or two drops of dilute 
ammonia,
Metalphthalein solution
This v/as prepared from solid metalphthalein in the same manner 
as eriochrome black-T.
Murexide-naphthol green-B mixture
This indicator was prepared in the solid form by mixing 0.25 £>• 
of murexide and 0.1 g. of naphthol green-B with 100 g. of Analar grade 
sodium chloride.
Procedures
~ 42 43 44 , . 4 5Cobalt, nickel , copper , manganese and magnesium
These metals were estimated by the addition of excess standard
EDTA and back titration with zinc sulphate, at pH 10, using 5 ml. of the
ammonia-ammonium chloride buffer solution, and a few drops of eriochrome
black-T solution as indicator. In the case of manganese 0.5 of
hydroxylamine hydrochloride was added to the solution before the 
addition of EDPA, to prevent any possible oxidation of the metal ions. 
Zinc46
Zinc was estimated as above* but by direct titration with
standard EDTA solution.
47Calcium
Calcium was determined by direct titration with standard EDTA 
solution* at pH 12* using the murexide-naphthol green-B mixture as 
indicator. It was found most convenient to add this indicator as a 
solid mixture with sodium chloride as diluent* in portions of about 
one gramme. A Q
Barium and strontium
These metals were analysed by back titration of excess standard 
EDTA solution with a standard barium chloride in 5 alcohol solution* 
at pH 11* using metalphthal.ein as indicator.
* * * * *
2.3c Other analytical methods 
Beryllium
With beryllium the best method of analysis was found to be a
spectrophotometric procedure using, p-nitrophenyl-azo-orcinol as the
.49complexing agent. The basis of the method has been described by Vinci 
The dye solution was prepared by dissolving the p-nitrophenyl- 
azo-orcinol (0.150 g.) in approximately 0.1N sodium hydroxide (500 ml).
The mixture was stirred for six hours and filtered three times through 
Whatman Ho 542 filter papers and then through a sintered glass filter to 
remove insoluble material.
A buffer solution for pH 12 was prepared by dissolving sodium 
citrate dihydrate (89 g.) sodium borate decahydrate (55*7 &•) and sodium 
hydroxide (71.8 g.) in water the solution made up to 500 ml.
A calibration curve for the method, Eig 4j was obtained by means
of a standard beryllium solution* which was prepared by dissolving
0.0177 §• pure beryllium metal in 10 ml. of 1 §i sulphuric acid and the 
solution diluted to 25O ml.
-Mf-
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A sample of the solution to he analysed, containing 0.06 
to 1.1 mg. of beryllium was adjusted to pH 5-5? ik® volume of the 
solution being about 25 ml. It was then transferred to a 100 ml. 
standard flask, the volume at this stage being about 35 ml»> 10 ml. of 
the buffer solution was added followed, after five minutes, by 10 ml. of 
the dye solution. The mixture was then made up to 100 ml. and allowed 
to stand for a further ten minutes.
The optical density of the solution was measured on a Unicam
o
SP 600 spectrophotometer, at 5150 A, using cells of 1cm. light path 
and the beryllium present, determined by reference to the calibration 
curve.
Cadmium
Cadmium was estimated by titration with a standard solution of
potassium ferrocyanide. The indicator, 3.31 dimethyl naphthidine di-
50sulphonic acid developed by Belcher , was used to detect the end point 
of the precipitation reaction.
Ferrous iron^
This was estimated by the usual method of titration with standard 
potassium dichromate solution, using barium diphenylamine sulphonate as 
indicator.
In those cases v/here it was necessary to check the amount of 
ferric iron present as an impurity, the solutions were first reduced by 
stannous chloride^ mercuric chloride was then added to remove excess 
stannous ions, and the solution titrated as above with potassium 
dichromate.
The determination of nickel and calcium by gravimetric analysis
In the course of the batch experiments with these metals and 
anion and cation exchangers, described in Part 3.4a? it was not possible 
to analyse for the metals in the presence of hypophosphoric acid by an 
EDTA method. It has been found earlier that hypophosphoric acid 
seriously interfered with complexometric titrations. The possibility of 
destroying the acid by repeated evaporation with concentrated hydrochloric 
acid was considered but thought to be less accurate than the well
- r e ­
established gravimetric procedure.
Nickel was determined by precipitation as the dimethyl 
52glyoxime complex^ and calcium was estimated by precipitation of the
oxalate, using the urea hydrolysis method to ensure slow precipitation^
followed by titration of the calcium oxalate with standard potassium 
53permanganate . Neither of these methods appeared to be affected by 
the presence of hypophosphate.
PART 3
' Experimental Results
The preparation of hypophosphoric acid*
Ion exchange hatch experiments to determine the degree of 
complexing* 
pH titrations*
Ion exchange batch experiments with anion and cation resins* 
The measurement of dissociation constants of complexes*
Ionic size*
Conclusion*
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3.1 The preparation of hypophosphoric acid
(a) The preparation of the sodium salts of the acid •
(b) The preparation of hypophosphoric acid from di-sodium j
i
hypophosphate, |
(c) The determination of the purity of the acid and its j
sodium salts* j
3.1a The preparation of the sodium salts of the acid j
|
The di and tetra-sodium salts, P^ Pg . 6HgO and |
Na^ P^ 0^ . lOH^O, were prepared by means of the reaction between red j
phosphorus and an aqueous solution of sodium chlorite. j
For the first few batches, the reaction was carried out in a j
large open vessel, cooled externally and stirred mechanically while the j
chlorite solution was added very slowly. However as the temperature had j
to be maintained at 10-15° C, the time required to add all the solution j
was some 15 hours and at the end of this time only about half of the 
phosphorus had reacted.
For these reasons the method which had been described by j
Baudler was used, with some modifications, for all the later preparations, j
The apparatus was set up as in Fig. 4 and consisted of a cylindrical j
Pyrex glass reaction vessel (b) 33.5 cm° by 3»3 cm., fitted with a side
arm at one end. A water cooling tube, 4-0 cm. by 1.7 cm. (A ) ,  passed !
down the middle of vessel ('B) and was connected to an outer cooling jacket j
(c), the ends of which were sealed with rubber bungs. The bottom of the 
reaction vessel was packed with a layer of porcelain chips, follov/ed by 
a layer of glass wool to 2 cm. above the side arm. The side arm was j
connected through a T-tube holding a thermometer, to a large Buchner flask 
and water vacuum pump.
The top of the vessel was sealed with a rubber bung carrying two
I
tubes, one connected to the outlet of the sodium chlorite reservoir and the j
other, which served as an overflow tube, was connected to the top of the j
AppcLT-cutus t o r  the preparcitcoyL o f  S o d i t o n  ki j popkos p h a t ts .
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reservoir. The reaction cylinder was packed with alternate layers of 
glass heads and red phosphorus. The glass heads 0.3 - 0.4 cm. diameter, 
were packed in layers of ahout 1,5 cm. thickness, so that ahout 35 g# of 
phosphorus were required for a completely packed column. To remove any 
iron present ah an impurity, the phosphorus was digested with 10$ 
hydrochloric acid on a steam hath for one hour and throughly washed hy 
decantation with water and dried before use. It was found that some 
care has to he exercised in the packing of the reaction column if the 
reacting solution was to flow easily and the reaction fi’ont to he kept level 
The sodium chlorite solution ( 135 g« 01 0^ in 750 ml. water) 
was drawn through the reaction column hy the vacuum pump and the rate of 
flow was adjusted to give a smooth reaction at a constant temperature of 
15 - 18° C. The reaction products were collected in the Buchner flask 
until the reaction front reached the side arm. At this stage the 
temperature of the solution entering it rose sharply. The flask was 
then disconnected and the solution filtered to remove any traces of 
unreacted phosphorus which may have leaked through. It was then 
neutralised with 20 per cent sodium hydroxide to pH 5*2, measured on a 
commercial pH meter, and allowed to stand over night at 0° C. The 
white crystalline product was recrystallised twice from water to remove ' 
any phosphite present, in each case crystallisation heing allowed to 
occur over night at 0° C. The product, Uag'Hg Pg ^5 * ^ 2^  was ^ en 
removed and air dried at the pump.
If it was desired to prepare the tetra-sodium s§lt, the 
neutralisation was carried out to ahout pH 10.5? i«e. excess sodium 
hydroxide was added. The salt was then recrystallised in the same manner 
as the di-sodium salt. -
* * * * *
3.1h The preparation of hypophosphoric acid from di-sodium hypophosphate 
Solutions of the free acid, P2 0^ were prepared hy means of 
an ion exchange column. However as can he seen from Pig. 1, pl3 ? the 
di-sodium salt is only moderately soluble at room temperature, which meant 
that only weak solutions of the acid could he produced. This difficulty
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was over come by using a hot solution of the salt and by providing the 
ion exchange column with a steam jacket to prevent the salt 
crystallising out.
The initial batches of the acid were prepared on a column,
40 cm. long and 2 cm. diameter, but later the apparatus was scaled up 
so that three large columns, 60 cm. long and 5 cm* diameter were used with 
little loss in efficiency. Both the large and small columns were 
surrounded by glass steam jackets to maintain them at about 80° C.,
(Pig. 6). The resin bed was supported on a plug of glass wool in the 
small column, while in the larger apparatus a further bed of glass beads 
of decreasing diameters was used. The lower ends of the columns were 
closed by rubber bungs, which were sealed from the inside with a layer 
of paraffin wax, and which carried a tube through which the effluent 
passed. The purpose of the wax was to prevent the deterioration of the 
rubber by acid attack.
Both types of ion exchange column contained Zeo Karb 225 resin 
of 16 - 50 mesh. When a column was first set up the resin bed was 
carefully back washed for about half an hour. This was carried but by 
connecting the outlet tube of the column to a water taps the flow of 
water was adjusted so that the resin bed was extended to about twice its 
original length. The back-washing of the resin served two purposes? 
firstly to allow the various size resin ■ beads to grade themselves and 
pack down efficiently and, secondly to ensure that the column had been 
erected in a truly vertical;position. Thus t&e eluate was prevented 
from channelling through the resin bed and an even exchange front was 
ensured. When the back washing was complete the water was turned off, 
but the outlet tube remained connected to the tap, so that the resin could 
settle down slowly. The exchanger was then converted into the hydrogen 
form by passing an excess (six litres in the case of the large column) 
of molar hydrochloric acid through it, followed by sufficient distilled 
water to remove all traces of chloride from the effluent.
The solution of the di-sodium salt (25 g. per 100 ml. water)
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was heated till boiling, then poured into the top of the column and 
allowed to diffuse slowly down? the rate being controlled by the tap 
at the base. The initial eluate from the column was discarded as 
it comprised mainly water, the exact size of this *dead volume* had 
been determined individually for each column and was usually about 
130 ml. for the large ones. Thereafter the eluate was collected 
in 10 ml. fractions, those of nearly the same pH being mixed together. 
When the level of the solution had descended to 1 cm. below the top 
of the resin bed, hot water was carefully added. A typical yield 
for the small column is given below in Table 3? yields for the large 
columns which used 200 ml. of the hypophosphate solution were 
proportionally larger.
Starting solutions 20 g, HagH^P^O^^HgO in 75 .nOL» water
Yield of H.Po0^s 4 2 6
Volume in ml. pH * V 2°6 Molarity
20 0.36 12.9 0.81
40 0.46 9*1 0.57
50 O.58 7.3 0.45
+ tailings of pH 8
Table 3
Alternatively the efficiency of the process could be 
increased by dissolving the di-sodium salt in the tailings from the 
previous batch of acid and passing this solution down the column.
An inspection of Pig. 1 might suggest that the tri-sodium salt 
should have been used on account of its higher solubility in water. 
However it was not formed so easily as the di-sodium salt and its 
use would have necessitated a larger column to ensure complete 
conversion into the acid.
* * * * *
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3.1c The determination of the purity of the acid and its sodium salts
The purity of the hypophosphoric acid and its di or tetra-
sodium salts ■was determined usually hy two independent methods.
Firstly the total acidity was estimated hy titration with sodium
hydroxide, - if any impurities were present, they would prohahly he
orthophosphoric and phosphorous acids. If a sample of one of the
sodium salts was to he analysed, it was first converted into the
acid. Samples of ahout 0.5 g. of the salt were weighed out,
dissolved in water and converted quantitatively into the free acid hy
elution through a column of Zeo Karh 225 resin in the hydrogen form.
The acid was then titrated with 1 carbonate free1 caustic soda, the
titration heing followed on a commercial pH meter. The end point
corresponding to the replacement of the first two hydrogen ions of the
acid was obtained from a plot of A pH against V, where V is the
A V
volume of sodium hydroxide which has been added. At first it was
thought that an additional guide to the purity of the acid could he
obtained hy comparing the titre required for the replacement of the
first two protons, with that required for the replacement of the
last two, i.e. the points of formation of the salts, Na^H^P^O^,
and Na^P^Og.lOH^0. However this was not possible since the end
point for the latter salt , which occurs at ahout pH 10, could not be
determined accurately enough, even when using an 1alki’/calomel
electrode system. Phenolphthalein and thymolphthalein indicators
were tried, hut with no greater success. Thus the total acidity
had to he determined hy doubling the result obtained for the first
end point, which could he detected very easily and very accurately.
The purity of either the acid or sodium salt was then
checked hy estimating the hypophosphate content using the method of 
30Jung and Wolf which has been described in Part 2.3a.
Results
The pH of the formation point of the di-sodium salt,
HaoHoPo0.,6Ho0, was determined from a large number of results and 
2 2 2 6 2
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found to be 5*05* Therefore the salt las prepared hy neutrallising 
the reaction mixture to this pH, hut it proved very difficult to 
show whether or not the material prepared in this way was pure.
After two recrystallisations the sample was apparently only 93 - 95 
per cent pure and this could he improved to 98.0 per cent with two 
further re crystallisations. Since no impurity such as orthophosphate 
or phosphite could he detected in the original speciment of the salt, 
the unsatisfactory result was considered to he due to the presence of 
the tri or tetra-sodium forms. This was in fact shown to he the 
case hy converting some of the ’impure1 di-sodium salt into the tetra 
form hy the addition of excess sodium hydroxide. Analysis of this 
showed it to he 100 per cent hypophosphate• Also it was found that 
a portion of the reaction mixture when neutralised to pH 10.5 and 
recrystallised twice, was at least 99 percent pure.
The purity of the acid obtained from the steam heated ion 
exchange column was carefully checked in the same way, to ensure 
that no decomposition had talcen place on the resin. All results 
showed that no appreciable breakdown had occurred and that it was 
quite safe to prepare the acid in this way. Typical results of 
these determinations are shown in Tables 4 - 8 .
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Purity of Na2H2P20g.6H20 2 recrystallisations
Weight taken Found(a)* Per cent purity Found(b)* Per cent purity 
0.2100 g. 0*1978 94.2 0.1972 93*9
0.1997 g. > 0.1877 94.0 0.1866 93.5
Table 4
Purity of Na2H2P20^.6H20 4 recrystallisations
Weight taken Pound(a) Per
0.2040 g. 0.1991
0.2010 g. 0.1970
Purity of Na^P2°6 10- H2°
Weight taken Pound(a) Per
0.1844 g. 0.1846
0.1919 g. 0.1938
Purity of Na^P2 V 10 H2°
Weight taken Found(a) Per
0.1974 0.1958
0.2009 0.2000
97.6
97.9
0.1993
0.1977
97.7
98.3
Prepared from Na2H2P20^.6H20
 cent purity Found(b)
100.1
101.0
Table 6
0.1857
O.1923
Per cent purity 
100.7 
100.2
2 recr.ystallisations
99.2
99.5
0.1954
0.1976
99.0
99.9
Table 7
*(a) by titration with NaOH. *(b) by Jung and Wolf method-
-57-
Purity of free acid H^PgOg
Normality of total acid 0*5706
Normality of PgO^ j 0.5630
Per cent purity 98*7
0.0201
0,0198
98.3
Table 8
3*2 Ion exchange batch experiments to determine the degree of complexing
The preparation of metal form cation exchange resins
The ability of a particular metal to form complexes with 
hypophosphoric>acid, was determined chiefly by means of batch 
experiments with the acid and a cation exchange resin in the metal 
form.
The cation exchanger Zeo Karb 225 with 10 per cent nominal 
cross linking and 20-50 mesh bead size, was used for all the batch 
experiments. To avoid errors due to differences in the resin, all 
the samples used were taken from a single large batch treated in the 
manner described below. As supplied commercially, the resin was in 
the sodium form and was found to contain appreciable amounts of iron.
To convert it to the hydrogen form and remove the iron, the resin was 
transferred to a column and eluted with a large excess of 3N hydrochloric 
acid, the elution being continued until there was no trace of iron in 
the effluent. This was followed by a thorough washing with distilled 
water until no chloride could be found in the effluent. It was then 
divided into portions of about 15 grammes, prior to conversion into 
the various metal forms.
In all cases, except the preparation of the ferrous form of 
the resin, this was accomplished by passing through a column of the 
resin an excess of an approximately 0.1M solution of the metal, 
prepared from the Analar grade chloride, or the sulphate when the 
pure chloride was not readily available. The resin was washed with 
distilled water until the effluent was free from metal ions and, finally, 
it was air dried. The metal capacity of the resin was determined to 
give the total amount of metal present on the resin and, by comparison 
with the hydrogen capacity of the same sample, to ensure that it had 
been converted completely into the metal form.
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^This was performed by weighing out 0*500 gramme samples of
the resin, eluting in small columns with an excess (usually 200 ml* 
per sample) of 3$T hydrochloric acid and analysing the eluate for the
metal hy the appropriate method described in Part 2.3. The same
sample of resin v^as then washed until free from chloride and the
hydrogen capacity determined as described in Part 3.4*
The preparation of ferrous iron form resin
All attempts to prepare the ferrous iron form of the resin 
by the above method were unsuccessful, owing to the atmospheric 
oxidation of the ferrous salt solutions and the wet ferrous form res^n* 
It was therefore prepared in the absence of air by means of the 
apparatus illustrated in Pig. 7, using a 0*5 M solution of Analar 
grade ferrous sulphate which had been pretreated with gaseous sulphur 
dioxide to reduce any traces of ferric iron.
Column B was filled with resin in the hydrogen form, 
prepared as above. Taps 1, 2, 7 and 9 were closed, while taps 
3 , 4 , 5  and 6 were opened and the whole system evacuated through 8 untifl. 
the manometer showed that only water vapour remained in the apparatus. 
The pump was then disconnected by closing 8 and Moxygen~freeM nitrogen 
was allowed to enter by slowly opening tap 1 until atmospheric pressure
was reached. Tap 7 was then opened slightly and the flow of nitrogen
adjusted so as to maintain a small positive pressure within the 
apparatus.
The ferrous sulphate solution was introduced through the 
side arm into vessel A. The stopper was then replaced in the side 
arm, taps 3 and 5 were closed, and nitrogen bubbled through the 
solution to displace any air which had entered. The ferrous sulphate 
solution was siphoned over into column B by closing taps 1, 6 and 7, 
opening both 4 and 5 and connecting the system to the pump through 8.
As soon as the liquid was transferring freely over into B, the pump
disconnected by closing 8, taps 1, 5, 6 7 were jrp&ned slowly
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so that nitrogen was able to flow over into the space vacated by the 
ferrous solution in vessel A. Meanwhile column B was connected 
through tap 9 i° an inverted U tube, the height of which could be 
adjusted in order to control the flow of solution through the 
column? tap 2 cbuld also be opened to help this* After about 
500 ml. of solution had passed through the resin, it was washed with 
oxygen-free distilled water, which had been boiled vigorously and 
allowed to cool under an atmosphere of nitrogen. The procedure for 
siphoning the water over into the column was the same as that 
described above for the ferrous sulphate solution* The resin was 
then partially dried by passing a current of nitrogen through it, and 
was finally freed from water under vacuum at 60 to rJO°0, Subsequent 
tests showed that in the dry state the rssin was quite stable in air 
for periods of up to two hours.
The batch experiments
For each experiment O.5OO gramme samples of the metal form 
resin were brought to equilibrium, which occurred during the course of 
seven days, in closed flasks, at room temperature, 20-^3° C, with 
50 ml. samples of solutions of hypophosphoric, orthophosphoric and 
perchloric acids. All samples of resin for each of the metals, were 
weighed out on the same occasion to avoid any discrepancies in weight, 
due to the variation in the amount of atmospheric moisture obsorbed 
by the resin.
Seven solutions of each acid were used to cover the pH range 
0.3 to 1.2. During the course of the experiment all flasks were 
agitated gently once a day, to ensure that the concentrations in the 
solution remained uniform throughout. In the case of ferrous iron, 
precautions were taken to prevent oxidation of the resin occuring in 
solution. All solutions were made up with de-oxygenated distilled 
water and nitrogen was bubbled vigorously through each one? the 
samples of resin were added, and the flasks closed with rubber bungs.
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At the end of the seven days each solution was analysed to 
determine the percentage of the total metal present originally, that 
had been removed from the resin* The total amount of metal initially 
present on the resin was determined previously, as described*
In the case of the experiments with the resin in calcium, 
strontium, barium and beryllium forms, where hypophosphoric and 
orthophosphoric acids were usedj it was not possible to analyse the 
solution, due to the interference of these strongly complexing anions 
with the complexometric methods of analysis employed. Therefore, it 
was more convenient in these cases, to determine the amount of metal 
remaining on the resin, and calculate the amount removed, by difference* 
For this purpose, the resin was transferred to a small column and 
rapidly separated from the acid solution by suction from a water 
vacuum pump and washed. The remaining metal was then removed by elution 
with 3N hydrochlorio acid and the eluate analysed.
Finally for every metal,, graphs were plotted of the 
percentage metal removed from the resin , against the pH’s of all 
seven solutions with each of the three acids* The results are given 
in Tables 9 to 20 and Figs* 8 to 13*
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Discussion
A preliminary inspection of the results shows the expected 
rise in the amount of metal .removed from the resin as the pH of the 
solution of each of the acids decreases, i.e. the hydrogen ion 
concentration increases40. It can also be seen, as suggested earlier 
in Part 1.2, that hypophosphorio acid removes more metal from the 
resin than does perchloric acid, thus indicating that complex 
formation has occurred.
With beryllium and the alkaline earth metals, it is evident 
that in each case the order of elution with the three acids is,
H4P2°6 2 *  H3P04 ^  H0104 
In fact hypophosphorio and orthophosphoric acids remove some 50 to
60 per cent more of the metals from the resin, than does perohloric
acid. Hypophosphorio acid is only slightly more effective in
removing these metals than orthophosphoric acid, the greatest difference
being 5 per cent in the case of magnesium. However it is evident
that in this respect beryllium and strontium are anomalous.
At a pH value higher than1 0.65, orthophosphoric acid
complexes to a greater degree with beryllium than does hypophosphorio
acidj but as the concentrations of the acids increase, their
complexing powers become practically identical. It is noteworthy that
beryllium is more easily eluted from the cation exchanger by all
three acids, than any of the other metals investigated.
The behaviour of strontium with orthophosphoric acid is
completely out of character with that of the other members of
Group II A, namely magnesium, calcium and barium. In this case
orthophosphoric acid removes some 25 to 30 per cent more strontium
from the exchanger than does hypophosphorio acid. This result was
54verified by using a different method analysis •
Apart from this discrepancy with strontium, the general
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order of complexing power of these metals with all three aoids ist
Be >  Mg >  C a >  Sr >  Ba, 
though in the case of hypophosphorio acid, the overall difference 
from magnesium to "barium is not very large being of the order of 
10 per cent*
Considering the transition and other divalent metals 
which have been investigated, it is immediately apparent that the 
increase in metal desorbed from the resin, on changing from 
perchloric to the other two acids, is much less than in the case of 
the Group II A metals considered above* Also, there is in general, 
a more marked dissimilarity between the behaviour of hypophosphorio 
and orthophosphoric acids in the cases of manganese, ferrous iron, 
cobalt, nickel, copper, zinc and cadmium and, in fact, under these 
circumstances orthophosphoric acid shows elution powers akin to 
those of perchloric acid* This is well illustrated by iron, cobalt, 
nickel, copper and zinc* The order of effectiveness of the acids as 
eluants for these metals is,
H4P2Q6 >  H3P° 4 ^  E0104
The order of complexing power indicated by the experiment, for these 
metals with hypophosphorio acid is,
C u ^  MnJ> Co >  Hi zz Fe >  Cd Zn.
The position of copper is perhaps open to question, since only two 
experiments were performed successfully with copper and 
hypophosphorio acid5 precipitation occurring in the remainder of 
the solutions above pH 0*46* However it is evident that both 
perchloric and orthophosphoric acids remove more copper from the 
resin than any of the other metals and it is highly probable that the 
same holds for hypophosphorio acid* At higher pH values, i.e. 
greater than 0*65, the order changes markedly, but complex formation 
diminishes rapidly above this pH*
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The above order of metals is not in agreement with the order 
of complex stabilities deduced by Irving and Williams, i.e.
Mn C  Fe <  Co <  Hi Cu >• Zn 34 f 
infect it is nearly the reverse order. However, these authors 
pointed out that one of the factors which could disrupt their order 
of stabilities, occurred when the ligand used was the conjugate base 
of a strong acid. This is indeed true in the case of hypophosphorio 
acid, so that the order of complexing power observed in this ion 
exchange study can be reconciled with this fact.
It is of interest to compare the two groups of metals
discussed above, but it should be borne in mind that this can only be
a limited comparision, owing to the very different electronic
structures and characteristics of the groups. The overall order of
complexing power with hypophosphorio acid can be given as,
B e >  Cu '> Mn >  Mg >  Co >  Ca >  Hi '> Fe >  Zn ’>  Cd >  S r >  Ba
the relative positions of beryllium and copper being determined by
analogy with their reactions with orthophosphoric acid. Basolo and 
55Pearson suggest the following approximate order of relative 
stabilities of divalent metal complexes,
Pt >  Pd>- Hg ’>  U02 *> Be ■> Cu >  Hi >  Co >  Pb >  Zn >  Cd >
Fe >  Mn >  Ca >  Sr >  Ba 
As can be seen this is in part agreement with the experimental order 
found, but this order is no doubt influenced by many factors.
It is of interest also, to compare the reactions of these 
two groups of metals with orthophosphoric acid. Figs. 10 and 11 
indicate that the approximate orders of decreasing ease of elution 
from the resin with orthophosphoric acid are respectively, for the 
two groups of metals §
Sr >  Be Mg*lf Ca >  Ba Cd? 
and Cu >  Mn '2* Co~^ Hi Fe Zn .
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With the exception of the position of strontium, the orders are 
essentially the same as those which were detected for hypophosphorio 
acid. However, if the overall order is considered, namelys 
Sr >  Be Mg >  Ca :> Cu >  Mn >  Co >  Ba Hi Q&f Fe Chi Zn I> Cd, 
it can he seen that there is a marked difference from that obtained 
with hypophosphorio acid, especially with respeot to the positions of 
magnesium, calcium, strontium and barium.
In the above discussion no account has been taken of the 
ease with which these metals are eluted from the resin by the non- 
complexing perchloric a cid. This may ■ well' cause some changes in the 
apparent orders of complexing power of orthophosphoric and 
hypophosphorio acids with these metals, therefore these results will 
be discussed further in Part 3.7, together with the results obtained 
from additional experiments.
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Besults
The removal of metals 'by HOIO^.HjPO^ and H^P^O^
Beryllium
hcio4 H3P°4
V s °6
pH of $ metal pH of $ metal pH of $ metal
s olution removed solution removed solution removed
•from resin- from resin from resin
1.02 35.7 1.05 67.4 1.05 45.6
0.87 41.2 0.85 80.0 0.86 73.1
0.78 46.7 0.75 84.6 0.75 81.7
0.64 51.0 0.66 88.0 0.67 86.0
0.56 55.3 0.55 89.8 0.57 89.2
0,46 59.6 0.45 92.6 O.46 91.2
0.34 65.1 0.34 93.0 0.34 91.9
Tahle 9
Magnesium
1.04 12.8 1.02 63.7 1.10 65.1
0.84 16.7 0.85 67.4 0.86 70.7
0.77 18.9 0.7 6 70.2 0,76 73.2
O.65 21.3 0.66 70.7 0,66 77.3
O.56 22.7 0.5 6 72.4 0.56 79.3
0.46 25.7 0.45 74.6 0.48 85.3
0.34 28.5 0.36 76.1 0.34 87.1
Table 10
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The removal of metals b.v HCIO, . H..P0. and H.P_0>
 ~ ~......  ... ....... . 4 f 3 4 ---- 4 2 6
Caloium
hcio4
H3po/4 4 2 6
pH of $ metal 
solution removed
from resin
pH of 
solution
metal 
removed 
from resin
pH of 
solution
% metal 
removed 
from re
1.04 9.0 1.02 62.9 1.10 62.6
0.84 11.8 0.85 66.0 0.87 69.1
0.77 13.8 0.75 6 7.9 0.75 70.3
0.65 15.9 0.66 69.2 0.66 75.9
O.56 16.6 O.56 71.1 0.56 78.5
0.46 19.2 0.46 72.8 0.46 81.3
0.36 22.3 0.36 75.0 0.38 82.9
Table 11
Strontium
1.04 10.5 1.00 89.3 I.04 56.5
0.85 14.5 0.84 90.1 0.88 60,9
0.75 16.7 0.75 91.7 0,79 63.4
O.65 18.1 0.66 92.3 0.66 66,5
0.54 19.1 0.55 92.6. 0.56 69.8
0.46 ?0.3 0.45 93.8 0.46 71.9
0.36 22.9 . 0.34 99.2 0.39 73.3
Table 12
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The removal of metals "by HCIO,, H„PO. and --------------------- *---- 4 3 4   4 2 6
Barium
HCIO.
4
H3P0
4
H
L
pH of % metal 
solution removed
from resin
pH of 
solution
% metal 
removed 
from resin
pH of 
solut:
1.04 6.7 1.04 50.2 1.05
0.85 9.2 0,85 52.3 0.86
0.75 10.2 0.75 53.4 0.75
0.65 11.9 0.66 54.1 0.65
0,54 12.8 0,56 55.1 0.57
0,46 13.9 0.45 55.8 0,46
0,36 15.7 0.36 57.2 0.34
Table 13
Manganese
1.15 25.0 1.12 32.7 1.10
0.85 35.2 0,86 44.0 0.87
0.76 38.7 0.75 49*3 0.75
0.65 42.8 0,65 57.0 0,67
O.56 46.6 0.56 59.5 0.57
0.46 52.6 0.47 64.2 0.46
0.36 59.1 0.36 68.7 0.35
$ metal 
removed 
from resin
52,0
56.6
64.8 
66.0 
67.5
67.9 
68.3
37.3 
53.1
65.4 
66.3
75.7
85.7 
90.9
Table 14
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The removal of metals by HCIO„, H.PO, and H,P„0^
IIIron
£ u
HC104
H3P04 H4P2°6
pH of ; $ metal 
solution removed
from resin
pH of 
solution
$ metal 
removed 
from resin
pH of 
solution
% metal 
removed 
from resin
1*08 22.9 1.04 26.8- 1.04 32.4
0,85 33.1 0.84 26.4 0,86 46.6
0.75 38.4 0.76 39.5 0,75 51.8
0.65 44.4 0.65 46.8 0.65 62.2.
0.55 47.3 0.54 50.8 O.58 9*9
0.44 49.8 0.46 53.4 0.48 76.4
0.34 50.0 0.34 56.2 0,39 82.G
Table 15
Cobalt
1.15 22,9 1.12 30.1 1.15 35.5
0.85 35.2 0.86 40.4 0,86 57.5
0.75 39.8 0.75 45.4 0.75 68.4
0.66 46.4 0.65 50.0 0.65 74.1
0.55 49.1 0.56 54.1 O.56 76.2
0.46 55.6 0.47 60.6 0.46 84.3
0.36 57.5 0.36 62.8 0,36 84.9
Table 16
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The removal of metals by HCIO. . ELPO. and
1 1     1,1---- 4 3 4----- 4 2 6
Nickel
HC104 H-jPO.3 4 V
pH of io metal 
solution removed
from r esin
pH of 
solution
io metal 
removed 
from resin
pH of 
soluti
1.15 24.0 1.12 25-9 1.15
0.86 34.5 0.86 36.6 0.88
0.75 38.5 0.75 42.4 0.76
0.66 45.2 0.65 47.3 0,66
0.55 49.8 0.56 50.0 0.55
0.46 55.9 0.47 52.5 0.46
0.36 58.8 0.36 56.5 0.36
Table 17
Zinc
1.15 25.5 1.11 28.6 1.15
0.85 35.7 0.86 34.0 0.86
0.75 39.0 0.75 42.2 0.75
O.65 43.1 O.67 44.1 0,64
O.56 47.1 0,58 48.2 O.56
O.46 53.4 0.48 49*6 0.46
0.36 60.5 0.36 54.8 0.34
$ metal 
removed 
from resin
41.0
51.3
60.0
62.7
70.4
79.8 
82.7
29.8
48.3 
58.1
59.4 
62.1
73.5 
81.4
Table 18
The removal of metals by HCIO,, H^PO, and H,P^O^ ;----------------*----49 3 4---—  4 2 6
Cooper
HCIO.
4
H3P0 
3 4 H4P2°6
pH of 4j metal 
solution removed
from resin
pH of $ metal 
solution removed
from resin
pH of 
solution
$ metal 
removed 
from resin
1.11 28.1 1.10 33.8 1.08 *
0.85 39.6 0.86 44.8 0.85 •#
0.75 47.8 0.75 50.1 0.75 *
0.64 50.4 0.66 54.1 O.65 *
O.56 56.2 O.56 58.7 0.5 6 *
O.46 60.9 0.45 71.1 0.46 88.5
0.34 65.4 0.34 77.8 0.38 100.0
Table 19
Cadmium 
1 • 11 
0.85 
0,75 
O.64 
O.56 
0.46 
0.34
19.5 
29.1
35.5
37.9
41.5 
45.0
47.9
1.10
0.86 
0.75 
0,66 
O.56 
0.45 
0.34
25.8
35.5
40.2
44.4
48,3
55.9
47.9
1.08
0.85
0.75
O.65
O.56
0.46
0.40
*
48.1
55.3 
65*3 
72.6
77.4 
74.6
Table 20
* Precipitation occurred in these solutions.
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3.3. pH titrations
It was hoped that the information obtained from the experiments 
described in Part 3«2. could be supplemented by carrying out pH titrations 
with hypophosphoric acid and the same range of metals. In fact, it was 
not possible to titrate copper owing to the insoluble nature of copper 
hypophosphate. The same titration was carried out also with potassium 
for comparison with a non-complexing system, as described in Section 2.2.
Preparation of the solutions used
For these experiments solutions of each of the divalent metal 
chlorides were titrated against hypophosphoric acid. The acid was pre­
pared and standardised as described in Part 3.1. The metal chloride 
solutions in the case of magnesium, calcium, strontium, barium, manganese, 
cobalt, nickel, zinc, cadmium and potassium were prepared directly from 
Analar grade reagents and, with the exception of potassium, were standard­
ized by the appropriate method described in Section 2.3. The potassium 
chloride solution was standardised by estimating the chloride ion concen­
tration. . In the case of ferrous and beryllium chlorides, the pure salt 
had to be prepared first.
Ferrous chloride
This was not obtainable as the pure reagent; it was prepared 
therefore by dissolving iron powder in 120 ml. of hydrochloric acid (80 ml, 
concentrated hydrochloric acid and 40 ml. of water) until there was no 
further appreciable evolution of hydrogen. The reaction mixture Y*as boiled 
and then filtered to remove unreacted iron and insoluble impurities. It 
was allowed to cool and the ferrous chloride crystallised out. The 
product was removed from the mother liquor, in a glass tube containing a 
sintered glass filter; the excess liquid being expelled by a stream of 
nitrogen. Finally the ferrous chloride was washed rapidly several times 
with concentrated hydrochloric acid, the acid being removed each time as 
above. The yield (about 8 g.) was dried in a stream of nitrogen and
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analysed to give an iron content of 99 per cent, or better, of ferrous 
iron.
Beryllium chloride
Approximately 250 ml. of a 0.1 M solution of beryllium sulphate 
was prepared by dissolving the Analar grade salt in water. The beryllium 
was precipitated as the hydroxide by the addition of a little ammonia 
solution and the precipitate separated by filtration. It was then washed 
several times with conductivity water, until the washings were free from 
ammonia, dissolved in a minimum volume of dilute hydrochloric acid (3 N) 
and made up with water to 250 ml.
A 25 ml. portion of the approximately 0.1 M standard metal chloride 
solution was pipetted into a beaker and the pH of the solution was measured, 
using a glass electrode and calomel half cell system with a commercial pH 
meter. A small measured volume, about 0,1 ml., of the approximately 0.4 M 
standard hypophosphoric acid was added from a 10 ml. burette and the pH of 
the solution was measured; mechanical stirring being maintained throughout 
the experiment. This process was repeated until about 10 ml, of the acid 
had been added. It was found that towards the end of the experiment the 
acid could be added in about 0.5 nai* portions. As mentioned in Part 2.2. 
graphs of [[ H] against [ an^ ^ against * were plotted
T mI M  T m I-
for each titration.
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Discussion
The results of the pH titrations (Figs. 14 to 17) confirm the
general conclusion reached in the previous section, 3*2; namely, that
complex formation does occur between hypophosphoric acid and the divalent
metals. However, the plots of hydrogen ion concentration against the
ligand to metal ratio, [H] against an<^  c^anSe
hydrogen ion concentration to metal ratio against the ligand to metal
ratio, A[ H] / [ M] against [H^PgO^] / [M], indicate that though
complex formation does take place, the complexes are highly dissociated.
This is shown by both the shape and position of the divalent metal curves
relative to the potassium curve, which itself deviates considerably from
a straight line, indicating departure from the ideal conditions described
in the introductory theory in Part 2.2. The similarity between the
shape of the potassium and divalent metal curves (except beryllium)
suggests that no one complex is very much more stable than the others.
This is in marked contrast to the results of similar experiments carried
35out by Salmon and co-workers , on tervalent metal-orthophosphoric acid
It was explained in Part 2.2, that the hydrogen ion release de­
tected in the titration of hypophosphoric acid against a potassium ion 
solution was governed mainly by the extent to which the acid was dissocia-
p»12), it is reasonable to assume that the following equilibrium is set
Therefore, the close similarity of the pH titration curves obtained 
for the divalent metals with that obtained for potassium, indicates 
that approximately the same number of protons have been released 
(Fig. 14 and 15) in each case. This suggests that under the conditions
systems.
ted. From an inspection of the dissociation constants of the acid (Table 1,
up,
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of the experiment, the divalent metals might form neutral hypophosphate 
complexes,
M2+ + 2H+ + H2P20g2" ?==& [ M H2P20g ]0 + 2H+
or, in the case of those metals whose curves are most divergent from
that of potassium, anionic complexes might possibly be formed ;
M2* + 2H+ + H2P20g [ M H P g O g ] "  + 3H+
However, owing to the indefinite nature of the results of this experi­
ment, the only conclusion which can be drawn with any certainty is that 
some complex formation has occurred.
The plots of change in hydrogen ion concentration to metal ratio 
against ligand to metal ratio, A[Hl /[ M] against C / [ M]
(Plot IX) Figs. 16 and 17, do not add much to the conclusions already 
reached. In this type of plot the slope of the curves is usually 
the most informative aspect (since the slope =A[ h ] /[L], Part 2.2.),
but as can be seen (from p.8 7 ) » the slopes of these curves do not
differ much amongst themselves. For every metal the initial part 
of the curve, Tfhich usually indicates the strongest complexing, is 
very short. In the second part of the graph, the curves tend to run 
parallel to that of potassium, with magnesium, cobalt, nickel and cadmium 
showing the greatest divergency from it.
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Metal Approximate slopes
«se*OMB90fcaa«ns9t«Mcaca*m«s*«**«MBMlBMa«cc»
Initial Final
K 1,1. 0.70
Mn 1.1 0.72
Fe 1.25 0.80
Co, Ni and Cd 1.33 0.90
Ba 1,0 0,68
Sr 1.1 0.70
Ca 1.4 0.67
Be 1,6 1.0
Mg 1.8 0.93
Owing to the gradual change from the initial to the final 
slopes on all curves, it was not possible to make use of the point 
of intersection of these slopes, since this could not be located 
with any accuracy. Therefore it was not possible to estimate the 
ligand to metal ratio in the complex from this experiment. This is 
probably a consequence of the high degree of dissociation of the complex 
species. In addition, it is doubtful if the assumptions which were 
made ¥*ould justify such a quantitative result.
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Ta'ble 21
pH titration of potassium chloride against hypo-phosphoric acid
ml. H4P206
0
0,1
0.27
0.42
0.62
0.80
1.02
1.18
1.30
1.48
1.63
1.90 
2.14
2.40 
2.57 
2.78 
3.02 
3.28 
3.55 
3.79 
3.93 
4.05 
4.20 
4.50 
4.72 
5.00 
5.35
9.71 
5.97 
6.42
6.71 
7.01 
7.65
8.07
8.40 
8.70 
9.10
9.90
pH [H],
x 10 x c y 2o6]
M
A[H]
M
4.80 0.00016 0 0
2.45 0.035 0.016 0.031
2.10 0.08 0.043 0.072
1.96 0.11 0.067 0.099
1.86 0.14 O.O96 0.128
1.76 0.17 0.128 O.156
1.68 0.21 0.163 0.195
I.64 0.23 0.189 0.214
1.60 0.25 0.208 0,224
1.58 0.28 0.234 0.264
1.53 0.30 0.261 0.281
1.48 0.33 0,304 0.316
1.44 0.36 0.343 0.348
1.40 0.40 0.380 0.390
1.38 0.42 0.412 0.412
1.35 0.45 0.445 0.445
1.32 0.48 0.479 0.479
1.30 0.50 0.503 0.503
1.27 0.54 0.549 0.549
1.25 O.56 0.574 0.574
1.24 O.58 O.59O 0.598
1.23 0.59 0,610 0.610
1.22 0.60 0.624 0.624
1.20 0.63 0.721 0.662
1.18 0.66 0.756 0.700
1.17 0.68 0.801 0.727
1.16 0,69 0.857, 0.736
1.14 0,73 O.915 0.798
1.13 0.74 O.956 0.816
1.10 0.80 1.028 0.895
1,09 0.81 1.075 0.915
1.08 0.83 1.123 O.946
1.06 0.87 1.225 1.011
1.05 0,98 1.293 1.048
1.04 O.91 1.346 1.082
1.04 O.91 1.393 1.092
1.02 O.96 1.458 1.166
1.00 1.00 1.586 1.243
KC1 : 0.1123 H4P206 t 0.4497 M.
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Tatle 22
•pH titration of beryllium chloride against hypophoshorio aoid
A[g]
[Be]H4P2°6
pH 00-1 
x 10 c H4P2°<P
[Be]
0 3.32 0.0048 0
0.06 3.22 0.0060 0.012
0.15 3.05 0.0089 0.030
0.21 2.83 0.015 0.042
0.31 2.55 0.028 0,062
0,39 2.32 0.048 0.077
0.48 2.14 0.073 O.O95
0.55 2.01 O.O98 0.109
0.63 1.92 0.12 0.125
0.70 1.84 0.14 0.139
0.77 1.77 0.17 0.153
0.87 1.72 0,19 0.173
0.95 1.66 0.22 0.189
1.04 1.62 0.24 0.206
1.12 1.59 0.26 0.222
1.20 1.56 0.28 0.238
1.30 1.53 0.30 0.258
1.35 1.52 0,30 0.268
1.43 1.50 0.32 0.284
1.51 1.48 0.33 0.300
1.60 1.46 0.35 0.318
1.69 1.44 0.36 0.336
1.93 1.40 0.40 0.383
2.01 1.38 0.42 0.399
2.21 1.35 0.45 0.439
2.45 1.32 0.48 0.487
2.87 1.27 0.54 0.570
. 3,07 1.24 0.58 0.610
3.43 1.20 0.63 0.681
3.61 1.18 0.66 0.716
4.14 1.15 0.71 0.822
4.41 1.13 0,74 0.875
4.65 1.11 0.78 0.923
5.15 1.08 0.83 1.022
5.90 1.04 0.91 1.171
6-95 1.00 1.00 1.380
8.46 0.97 1.10 1.680
BeCl2 : 0.088 M H4P2°6
0
0,001
0,004
0.011
0.015
0,038.
0.078
0.108
0.134
0,158
0,193
0.217
0.253
0.278
0.302
0.308
0.352
0.353
0,378
0.391
0.416
0.430
0.483
O.509
0.550
0.592
0.677
0.732
0.806
0.851
0.932
0.980
1.042
1.129
1.212
1.391
1.661
0.438 M
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Table 23
pH titration of magnesium chloride against hypophosphoric acid*
mi. H4P206 pH
i l O x
c y 2o^
[Mg]
m
[Mg|
0 4.87 0.00013 0 0
0.07 2.44 0,036 0.014 0.041
0,16 2.10 0.080 0.033. 0.09?
0.32 1.88 0.13 0.066 0.152
0,40 1.80 0.16 0.083 0.187
0.49 1.74 0.18 0.102 0.212
0.57 1.68 0.21 0.119 0.248
0.65 1.63 0.23 0.132 0.272
0.78 1.58 0.26 0.162 0.309
0,87 1.54 0,29 0.181 0.346
0.94 1.50 0.32 0.195 0.383
1.07 1.47 0.34 0.223 O.409
1.18 1.44 0.36 0.245 0.435
1.44 1.39 0.42 0.299 0.513
1.52 1.36 0.44 0.316 0.539
1.62 1.34 0.46 0.337 0.566
1.75 1.32 0.48 0.364 0.593
1.87 1.30 0.50 0.389 0.620
2.19 1.26 0.55 0.455 0.691
2.45 1.23 0.59 O.509 0.748
2.68 1.21 0.62 0,557 0.792
2.80 1.19 O.65 0.582 0.836.
3.11 1.16 0.69 0,646 0.897
3.40 1.14 0,73 O.707 0.959
3.74 1,11 0,78 0.778 1.037
4.20 1.08 0.83 0.873 1.119
4.58 1.06 0.87 O.948 1.189
5.05 1.04 0.91 1.050 1.263
5.39 1.02 0,96 1.119 1.346
6.06 1,00 1.00 1.260 1.437
6.47 0.98 1.10 1,346 1.600
7.30 O.96 1.10 1.518 1.644
7.82 0.94 1.22 1.626 1.820
8.30 0.92 1.22 1.726 1.849
8.75 0.90 1.30 1.820 2.028
9.95 0.88 1.30 2.069 2.099
Mg01gJ 0.0865 M H4F2°6 ; 0.449T M
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titration of calcium
Table 24 
chloride against hypophosphoric acid.
' H4P2°6 pH -1x 10 £H4W
[Oa]
aosl
[Ca]
0 4.80 0.00016 0 0
0.09 2.43 0.037 0.015 0.034
0.17 2.19 0.065 0.028. 0,061
0.26 2.07 O.O85 0.043 0.080
0.35 1.98 0.11 0.058. 0.103
0.41 1.90 0.13 0,068. 0,122
0,48 1.84 0.14 0.080 0.132
0.56 1.80 0.16 0.093 0.151
0,69 1.73 0.18 O.II5 0.171
0.92 1.63 0.23 0.153 0.221
1.05 1.59 0.26 0.175 0.251
1.17 1.55 0.28 0.195- 0.272
1.30 1.52 0.30 0.216 0.292
1.42 1.50 0.32 0.236. 0.313
1.56 1.49 0.32 0.260 0.315
1.72 1.43 0.37 0.286 0.367
1.97 1.39 0.41 0.328 0.410
2.20 1.36 0.44 0.366 0,444
2.34 1.34 0.46 0.39C 0,466
2.45 1.32 0.48 O.4O8 0.488
2.84 1.29 O.51 0.473. O.526
3.18 1.26 0.55 0.530* 0.575
3.32 1.24 0.58 0.553. O.6O9
3.50 1.22 0.60 0,583. 0.634
3.80 1.20 0.63 0.633 0.672
4.04 1*18 0.66 0.673 0,711
4.32 1.16 O.69 0.720 0.750
4.70 1.14 0.73 0.783- O.8O4
5*04 1.12 0.76 0.840 0.846
5.56 1.09 0.81 O.926 0.917
6.44 1.05 0.89 1.074 1.037
7.10 1.02 0.9 6 1.184 1.143
7.66 1.00 1.0 1.277- 1.210
8.00 0,98 1.10 1.334- 1.347
8.65 O.96 1.10 1.442 1.372
9.78 0.94 1.20 1.630 1.546
CaCl2 : 0.108 M H4P206 I 0.4497 M
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Table 25
pH titration of strontium chloride against hypophosphorio acid.
ml. H.P-O^ 4 2 6 pH w  -1 Ch4W A[H]x 10
O ] [Sr]
0 4.81 0.00015 0 0
0.05 2.66 0.022 0.008 0.020
0.12 2.38 0.042 0,020 0.039
0.20 2.22 0.060 0.033 0.057
0.31 2.06 0.087 0.052 0.083
0.40 1.98 0.11 O.O67 0.106'
0.51 1.90 0.13 0.085 0.125
0.59 1.86 0.14 0,098 0.136
0.66 1.81 0.15 0.110 0.146
0.74 1.78 0.17 0.123 0.166
0.87 1.73 0.18 0.158 0.176
0.96 1.69 0.20 0.160 0.197
1.08 1.66 0.22 0.180 0.218
1.23 1.61 0.25 0.205 0.249
1.40 1.57 0.27 0.232 0.270'
1.52 I.54 0.29 0.253 0,292
I.69 1.52 0.30 0.281 0.304
1.82 1.48 0.33 0.303 0.336
1.96 1.46 0.35 0.326 0.358*
2.17 1.43 0.37 0.361 0.382
2.32 1.41 0.39 0.386 O.405
2.54 1.38 0,42 0.422 0.439
2.73 1.36 0.44 0.454 0.463-
2.93 1.34 0.46 0.487 0.488
3.39 1.30 0.50 0.564 0.539
3.83 1.27 0.54 0.637 O.591
4.21 1.23 0.59 0.700 0.655
4.93 1.19 O.65 0.820 0.739-
5.57 1.16 O.69 O.926 0.801
5.90 1.14 0.73 O.98I 0.857
6.27 1.12 0.76 1.043 O.902
6.85 1.10 0.80 1.139 0.967-
7.83 1.07 0.85 1.302 1.060’
8.79 1.04 O.91 1.461 1.168
9.50 1.03 0.93 1.580 1.219'
SrOlg : 0.1053 M y  a  J 0.438 M
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Table 26
[ titration of barium chloride against hypophosphori 0 acid.
- H4P2°6 pH w  -1x 10 1
[Ba]
ACS
[Ba]
0 4.89 0.00013 0 0
0.06 2.72 0.019 0.010 0.019
0.13 2.42 0.038 0.022 0,037
0.22 2.26 0.055 0.038 0.054
0.32 2.11 0.078 0.055 0.078
0.46 2.00 0.100 0.079 0.100
0.60 1.91 0.12 0.103 0.120
0.70 1.81 0.13 0.120 0.131
0.85 1.80 0.16 0.145 0.162
1.00 1.74 0.18 0.171 0.183
1.15 I.69 0.20 0.197 0.204
1.33 1.64 0.23 0.231 0.237
1.51 1,60 0.25 0.259 0,260
1.70 1.56 0.28 0.291 0.293
1.95 1.52 0.30 0.334 0.316
2.10 1.49 0.32 0.360 0.339
2.29 1.47 0.34 0.394 0.363
2,49 1.44 0.36 0.427 0.388
2.64 1.42 0.38 0.452 0.411
2 • 88 1.40 0.40 0.493 0.437
3.09 1.38 0.42 O.529 0.462
3.45 1.34 0.46 0.591 0.512
3.70 1.31 0.49 0.634 0.551
3.95 1.29 0.51 0.677 0.578
4*40 1.26 0.55 0.754 0.633
4.80 1.24 0.58 0,822 0.677
5.36 1.22 0,60 0,919 0.713
5.87 1.19 O.65 1.006 0.786
6.57 1.15 0.71 1.126 0.878
7.00 1.14 0.73 1.200 0.915
7.75 1.11 0.78 1.328 1.000
8.44 1,09 0.81 1.446 1.060
8.9 6 1.07 0.85 1.535 1.130
9-72 1.06 0.87 1.614 1.182
BaClgr 0.102 M H4P206 ; 0.436 M
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Table 27
pH titration of manganese chloride against hypophosphoric acid*
- H4P2°6
pH M  r 
x 10 1 P W t f[Mn]
0 4.59 0.00026 0 0
0.13 2.37 0.043 0.030 0.017
0.20 2.20 0.063 0.046 0.083
0.30 2,08 0.083 O.O69 0.110
0.39 2.00 0.10 0.090 0.133
0.50 1.91 0,12 0.115 0.161
0.61 1.84 0.14 0.141 0.188
0.70 1.80 0.16 0.161 0.216
0.80 1.75 0.18 0.184 0,244
0.90 1.72 0.19 0.207 0.259
O.96 1.69 0.20 0.221 0.273
1.05 1.67 0.21 0.242 0,287
1.11 I.64 0.23 0.256 0.313
1.25 1.61 0.25 0.290 0.350
1.36 1.58 0,26 0.313 0,360
1.47 1.56 0.28 0.339 0,390
1.57 1.54 0.29 0.362 O.405
1.69 1.52 0.30 0.389 0.421
1.80 If 50 0.32 0.415 0.451
1.98 1.47 0.34 0.456 0.482
2.10 1.45 0.35 0.484 0.499
2.20 1.43 0.47 0.507 0,529
2* 53 1.39 0.41 0.583 0.594
2.86 1.36 0,44 O.659 0.645
3.25 1.32 O.48 0.749 0.713
3.71 1.29 O.51 0,854 0.770
4.00 1.27 0.54 O.922 0.824
4.27 1.24 O.58 0,983 0.893
4.60 1.22 0.60 1.060 0.934
4.80 1.20 0.63 1.105 O.98I
5.09 1.18 0.66 1.172 1,044
5.91 1.15 0.71 1.361 1.136
6.4O 1.13 0.74 1.474 1.222
6.91 1.10 0.80 1.591 1.342
7.51 1.08 0.83 1.729 1.418
8.31 1.06 0.87 1.914 1.523
9.80 1.02 0,96 2.257 1.758
MnCl2 ? 0.0760 M H4P2°6 : 0,438 M
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Table 28
pH titration of ferrous chloride against hypophosphoric acid.
• H4P2°6 pH CH.l I 10 [H4P2V
" Pe] *
0 3.87 0,0013 0 0
0.09 2.61 0.025 0.027 0.040
0.15 2.34 0.046 0.045 0.076
0.24 2.18 0,066 0.071 0.111
0.32 2.08 0,083 O.O95 0.156
0.40 1.98 0.11 0.119 0.187
0.51 1.90 0.13 0.151 0.222
0.57 1.85 0,14 0.169 0.240
0.66 1.80 0.16 O.196 0.313
0.82 1.74 0.18 0.273 0,349
O.92 1.69 0.20 0,300 0.368
1.01 I.67 0.21 0.323 0.387
1.09 1.65 0.22 0.356 0.423
1.20 1.63 0.24 0.400 0.462
1.35 1.58 0.26 0.439 0.500
1.48 1.56 0.28 0.481 0.539
1.62 1.53 0.30 0.531 0.579
1.79 1.50 0.32 O.569 0.618
1.92 1.47 0.34 0.662 0.680
2.23 1.43 0.37 0.715 0.722
2.41 1.40 0.39 0.780 0.784
2.63 1.38 0.42 0.831 0.826
2.80 1.36 O.44 0.831 0.826
3.00 1.34 0,46 O.89O 0.870
3.20 1.32 0.48 O.95O O.915
3.72 1.28 0,53 1.103 1.029
3.91 1.26 0.55 1,160 1.075
4.14 1.24 O.58 1.228 1.143
4.54 1.22 0.60 1.346 1,198
4.79 1.20 0.63 1.417 1.269
5.27 1.18 0.66 1.563 1.351
5.45 1.16 O.69 1.616 1.420
5.92 1.14 0.73 1.756 1.528
6.45 1.12 O.76 1.914 1.618
7.02 1.09 0.81 2,082 1.754
7.56 1.07 0.85 2.243 1.879
8.21 1.05 0.89 2.435 2.002
9.10 1.03 0.93 2.699 2.145
FeCl2 t O.O59O M H4P2Q6tQ‘438 M
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Table 29
[ titration of cobalt chloride against hypophosphoric a ci d.
••H4P2°6 pH [H3 -1x l O 1 fH4P2°63[Co] "
A[H]
T e g
0 3.42 0.0038 0 0
0.05 2.49 0.032 0.012 0.038
0.13 2.27 O.O54 0.031 0.067
0.29 2.02 O.O96 O.O69 0.124
0.38 1.94 0.12 0.091 0.157
0.50 1.84 0.14 0.119 0.185
0.62 1.76 0.17 0.148 0.226
0.74 I.70 0.20 0.177 0.268
0.84 1.66 0.22 0.201 0.297
0.97 1.62 0.24 0.232 0.325
1.10 1.58 0.26 0.241 0.355
1.27 1.54 0.29 0.303 0.399
1.46 1.50 0.32 0.349 0.445
1.62 1.46 0.35 0.387 0.450
1.81 1.42 0.38 0.432 0,536
2.02 1.38 0.42 0.483 0.597
2.21 1.36 0.44 0.528 0.630
2.45 1.33 0.47 0.578 0.678
2.60 1.31 0.49 0.621 0.713
2.80 1.28 0.53 0 • 668 0.777
3,15 1.26 0.55 0.753 0.815
3.34 1.24 O.58 O.798 0.868
3.54 1.22 0.60 0.851 0.903
3.78 1.20 0.63 0.9Q3 0.957
4.04 1.18 0*66 0,965 1.013
4.30 1.16 0.69 1.027 1.067
4.53 1.15 0.71 1.082 1.108
4.79 1.13 0.74 1,144 I.I65
5.26 1.10 0.80 1.256 1.280
5.83 1.08 0.83 1.393 1.352
6.10 1.06 0.87 1.457 1.432
6.39 1.05 0.89 1.527 1.477
7.03 1.03 O.93 1.679 1.558
7.34 1.02 O.96 1.754 1.640
7.75 1.00 1.00 1,851 1.733
8.10 0.99 1.00 1.935 1.751
9.00 0.9? 1.10 2.150 1.979
CoCl2 ; 0.0753 M H4P2°6 ; °*4497 M
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Tahle 30
pH titration of nickel chloride against hypophosphori c acid.
mi, H4P205 pH C H D
x 10 x
[Hi]
a Ch]
[S£j
0 6.87 0.000001 0 0
0.06 2.65 0.022 0.014 0.030
0.11 2.47 0.034 0.026 O.O46
0.19 2.25 O.O56 0.045 0.076
0.27 2.12 O.O76 0.078 0.131
0.33 2.10 O.O98 O.O96 0.137
0.41 1.99 0.10 0.116 0.179
0.49 1.88 0.13 0.131 0.207
0.56 1.83 0.15 0.149 0,222
0.63 1.79 0.16 0.170 0.250
0,72 1.74 0.18 O.I89 0.279
0.80 1.71 0.20 0.206 0.294
0.87 1.67 0,21 0,225 0.309
0.95 1.65 0.22 0.244 0.338
1.03 1,62 0.24 0.260 0.353
1.10 1.60 0.25 0.279 0.368
1,18 1.58 0.26 0.298 0,398
1.26 1.56 0.28 0.317 0.413
1,34 1.54 0.29 0,346 0.443
1.46 1,51 0.31 0.358 0.458
1.51 1.50 0.32 0.381 0.475
1,68 1.46 0.35 0.398 O.505
1.95 1,42 0.38 0.461 0.554
2,16 1.38 0.42 0.511 0,617
2.41 1.36 O.44 O.57O 0.652
2.75 1.32 0.48 O.651 0.719
3.24 1.26 0.55 O.766 0.840
3.56 1.22 0,60 0.842 O.926
3.90 1.19 0.65 0.923 1.016
4.29 1.17 0.68 1,015 1.074
4.86 1.13 0.74 1.149 1.194
5.60 I.09 0,81 1.375 1.339
6.21 1.06 0,87 1.470 1.467
6,83 1.04 O.91 1.616 1.566
7.20 1.02 O.96 1.704 I.669
7.83 1.00 1.00 1.853 1.773
8,58 O.98 1.10 2.030 1.996
9.47 O.96 1.10 2.241 2.048
NiCl2 : 0,074 M H4P2q6 : 0.438 M
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Table 31
•pH titration of zino chloride against hypophosphoric acid*
H4P2°6 pH 1—
1
, w 1 _
1
1^ CH4P2°6]
A[H]
X 10 Zn Zn
0 2.98 0.011 0 0
0.06 2.44 0.036 0.008 0.019
0.14 2.21 0.062 0.019 0.040
0.22 2.07 0.085 0.030 0.058
0.30 1.98 0.11 0.041 0.078
0.40 1.88 0.13 0.055 O.O94
0.54 1.80 0.16 0.074 0.126
0.64 1.74 0.18 0.087 0.143
0.78 1.68 0.21 0.106 0.168
0.85 1.64 0.23 0.116 0.184
O.98 1.61 0.25 0.134 0.201
1.07 1.59 0.26 0.146 0,210
1.18 1.55 0.28 0.161 0.227
1.30 1.54 0.29 0.177 0.236
1.40 1.52 0.30 0.191 0.246
1.64 1.47 0.34 0.224 0.281
1.78 1.45 0.35 0.243 0.291
1.93 1.43 0.37 0.263 0.309
2.04 1.41 0.39 0.278 0.327
2.30 1.38 O.42 0.313 0.356
2.60 1.35 0.45 0.354 0.386
2.76 1.33 0.47 0.388 0.405
3.09 1.30 0.50 0.421 0.436
3.23 1.28 0.53 0.440 O.464
3.50 1.26 0.55 0.477 0.487
3.80 1.24 O.58 0.518 0.519
3.97 1.22 0.60 O.528 0.540
4*49 1.20 0.63 0.612 0.578
4.86 1.17 0.68 0.662 0.631
5*58 1.13 0.74 0.760 0.703
5.94 1.11 0.78 O.8O9 0.751
6.40 1.08 0.83 0.872 0.810
7.14 1.06 0.87 0.973 O.869
7.51 1.04 O.91 1.023 O.92O
8.32 1.02 O.96 1.133 0.995
9.24 1.00 1.00 1.259 I.O65
9.98 0.98 1.10 1.357 1.263
ZnCl2 ; 0.129 M H,Pn0.; 0.438 M 4 2 6
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Tafrle 32
pH.titration of cadmium chloride against hypophosphoric acid*
H4P2°6 pH [ H] x 10"-1 w [Cd]
a [h ]
[Cd]
0 5*06 0.00009 0 0
0.08 2.47 0.034 0.013 0.030
0.15 2.18 0.066 0.023 0.060
0.24 2.02 O.O96 0.038 0.085
0.35 1.85 0.14 O.O55 0.124
0.45 lc80 0.16 0.071 0.142
0.53 1.72 0.19 0.083 O.I69
0.70 1.65 0.22 0.110 0.197
0.80 1.61 0.25 0.126 0.225
0.90 1.56 0.28 0.141 0.253
1.00 1.54 0.29 0.157 0.263
1.10 1.50 0.32 0.173 0.291
1.20 1.48 0.33 0.188 0.302
1.33 1.45 0.35 0.209 0.322
1.45 1.43 0.38 O.229 0.351
1.57 1.40 0.40 0.246 0.371
1.78 1.36 0,44 0.280 0.411
2.04 1.33 0.47 0.320 O.444
2.19 1.31 O.49 0.344 O.465
2.40 1.28 O.53 0.377 O.507
2.60 1.26 0.55 O.4O8 0.530
2.80 1.24 O.58 0.439 0.563
2.98 1.22 0.60 0.468 0.586
3.30 1.19 O.65 0.518 0.642
3.78 1,16 O.69 0.593 O.693
4.02 1.14 0.73 0.630 0.739
4.53 1.11 O.78 0.711 0.804
5.06 1.08 0.83 0.794 0.871
5.54 1.06 0.87 O.869 O.927
6.27 1.04 O.91 0,984 0.9 93
6.50 1.03 0.93 1.020 1.023
7.03 1.01 O.98 1.103 I.O96
7.30 1.00 1.00 1.146 1.127
7.76 0.98 1.10 1.218 1.257
8.30 0.97 1.10 1.303 1.279
8.94 0.95 1.10 1.403 1.303
9.7 6 0.93 1.20 1.532 1.456
CdCl2 ; 0.115 M H4P2°6: °-U 91 M
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3- A J o n  exchange batch experiments with anion and cation resins
The experiments which have been described in the previous two 
sections, yielded evidence of the occurrence of complex formation between 
hypophosphoric acid and the divalent metals. Two metals were chosen to 
be investigated in more detail in an attempt to determine the sign and 
size of the charge on the complex ions and the ratio of metal to ligand. 
This was achieved by carrying out batch studies with both anion and cation 
exchangers and solutions containing the complex hypophosphates of the two 
metals. Nickel and calcium were used as representative elements of the 
transition and non-transition metals respectively.
The preparation of the calcium and nickel complex solutions
Solutions containing the hypophosphate complexes of the two metals 
were obtained by preparing a solution of hypophosphoric acid of as high 
a concentration as possible and then allowing this to pass slowly down a 
long column containing a cation resin in either the calcium or nickel 
form, so that an excess of the metal form resin was always present. The 
eluate was discarded until it appeared to be of a uniform concentration.
The point at which this occurred was judged by observing the mixing of 
the solution as it emerged from the glass sinter at the bottom of the
column, until it appeared to have the same refractive index throughout.
/
At this point, the solution was collected, the pH measured and analyses 
carried out for metal and hypophosphate.
The preparation of the anion and cation resins
In order that no additional species of ions should be added to 
the complex solutions, the cation and anion resins were used in the 
hydrogen and hypophosphate forms respectively.
Anion resin
The resin used was De-acidite FF, of water regain approximately 1, 
and 20 - 50 mesh bead size. It was pretreated by thoroughly washing
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by decantation with water and then hydrochloric acid. After being trans­
ferred to a column, it was again washed and converted into the hydroxide 
form by elution with excess 2N sodium hydroxidej followed by a brief 
washing with water. Excess of a near saturated (approximately O.ll) 
solution of di-sodium hypophosphate was allowed to pass through the column, 
converting the resin into the hypophosphate form. It was then washed 
free from hypophosphate with freshly prepared carbon dioxide-free con­
ductivity water, care being taken, to exclude all air from the water and 
the resin. In this way the contamination of the resin with carbonate 
was avoided. Finally, the resin was air dried.
Samples (1,000 g.) of the resin were weighed out and the total 
hypophosphate content of each determined by eluting with an excess of 1 M 
sodium nitrate solution and estimating the amount of hypophosphate in the 
eluate by means of the method described in Part 2,3*
It was also necessary to determine the capacity of the resin for 
chloride ions. However, reliable results could not be obtained by direct 
conversion of the hypophosphate resin into the chloride form. Therefore 
the samples of resin which had been used in the estimation of the hypo­
phosphate capacity were eluted with 2 N sodium hydroxide to convert them 
into the hydroxide form. They were washed and converted into the chloride 
form by elution with 2 N hydrochloric acid and were then Y/ashed, as above, 
with conductivity Y/ater, until the eluate was free from chloride. Finally 
they were eluted with 2 N nitric acid and the chloride released by the 
resin was estimated by the addition of excess standard silver nitrate 
solution, follovred by a back titration v/ith potassium thiocyanate solution.
Cation resin
The resin used vms the same as for the previous batch experiments 
described in Part 3,2. It Yfas prepared in a similar manner except that 
it was eluted with 2 N hydrochloric acid, instead of the metal chloride.
The hydrogen ion capacity of the resin was determined by weighing out
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samples (1,000 g.) of the resin into conical flasks, adding water and 
about 2 grammes of solid Analar sodium sulphate and titrating the solution 
with standard sodium hydroxide, usirjg phenolphthalein as indicator.
The batch experiment technique
Four 50 ml, samples of each of the complex solutions were pipetted 
into conical flasks; 1,000 gramme samples of the hypophosphate anion 
exchanger were placed in two flasks and 1.000 gramme samples of the 
hydrogen form cation exchanger in the remaining two flasks. At the same 
time control experiments were carried out with the anion and cation ex­
changers under identical conditions, but with no metal present. All 
flasks were closed with rubber bungs and left for seven days to come to 
equilibrium at room temperature 20 + 3°C; the flasks being gently agitated 
from time to time. At the end of this time, the solutions and the resin 
were analysed for both hypophosphate and metal. In the case of the 
resin, this was achieved by first eluting with 1 M sodium nitrate, the 
technique being similar to that described in Section 3*2. The results 
of these analyses are given in Tables 33 to 33.
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Results
Calcium : 0*009 moles/50 ml., P^0 ^  : 0.022 moles/50 ml.
Nickel ; 0,0111 moles/50 ml.jPgO^ : 0.026 moles/50 ml.
Table 33
H form cation
pH of solution Metal sorbed/g.resin ^ 2^ 6^  sorbed/g. resin
Calcium
Nickel
0.90
0.90
1.80 m.moles 
1.60 m.moles
Metal absent ; 0.90
H capacity of resin:
trace 
trace 
trace
3.25 m.equiv./g.
No cationic complexes of either calcium or nickel could be 
determined by this method under the experimental conditions.
Calcium
Nickel
Metal absent
pH of solution Metal sorbed/^.resin 
0,90 0.424 m.moles
0.90 0.770 m.moles
0.90
Cl capacity of resin: 3*39 m.equiv./g.
Table 33
POo j+ sorbed/g.resin26
2.08 m.moles 
2.16 m.moles 
2.05 m.moles
The formulae of possible anionic complexes are derived, using the 
above data, from the equations given in Part 2.1b, namely :
and
where,
1 = N (ns - x - r) + (4 - s) N,m 1
a = np - x - r.
a is the size of the charge on the complex, 
x is the valency of the metal ion,
= 2 for divalent metals,
p is the basicity of the complexing acid,
= 4 for hypophosphoric acid,
r is the number of hydrogen atoms in the complex, 
n is the ligand to metal ratio in the complex, 
possible values are, 1, 2 or 3* 
is the number of moles of metal sorbed per equivalent 
of exchanger.
N- is the number of moles of ligand sorbed per equivalent 
L
of exchanger.
s is the mean charge on the free hypophosphate sorbed 
by the resin,
= 3.39 = 1.65. This indicates that the ligand 
2.05
is most probably sorbed as a mixture of
[H2P20g]" and [ H2P20g ] 2-
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Possible anionic complexes
Calcium
5 3 T  = °*125- nl = f §  = °-613'
r a
3.16 <
Table 56
4.82 1.18
6.47 3.53
Nickel
N
2.16
3.39
= 0.637.
r
1.83
3.50
5.14
a
0.17
2.51
4.86
-106-
Discussion
The experiments with the hydrogen form cation exchanger indicate 
that under the experimental conditions of low pH and a ligand to metal 
ratio of approximately 2 : 1, no cationic complex hypophosphate species 
are formed, since the amount of hypophosphate sorbed by the resin was 
negligible. The small amount of the ligand which was found on the resin 
was there, probably as a result of physical adsorption, since roughly 
the same amount of hypophosphate was removed from the solution by the 
resin under identical conditions, but without any metal.
The anion resin experiments, however, give definite evidence of 
complex formation. The follovidng is a list of anionic complex species 
which can be postulated for the divalent metal - hypophosphate system.
In these M is the metal, H^L represents hypophosphoric acid and n is the 
ligand to metal ratio.
n = 1 ^
[ MHL]
I
n as 2
[ MHXig ] , [ m h2l2] 4- , [ mh3l2 ] 3'
II
2-
III IV
V VI
n = 3 Q,
[ mhl3 ]*
VII
[ mh5l3 ]5~ ,
VIII IX
[ MH8L3 ] 2 “  , C MHglJ 
XIIX XI
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If the results for calcium are considered with n = 1, 2, or 3 in 
turn, then when n = 1 a value numerically less than 0 is obtained for a, 
the anionic charge on the complex. This is indicative that no complex 
v/ith this ligand to metal ratio is formed in the solution, 1/hen n = 2, 
the number of hydrogen atoms in the' complex, r, has a value = 4.82 (^5) 
and a = 1.18 l), These values fit the complex of type VI, i.e.,
C cuh5 (p2o6) 2 ]  V
When n = 3, this leads to r = 6.47 (- 6.5) an^ a ~ 3.53 3.3), which
indicates a mixture of types IX and X, i.e.,
[ CaHg (P20g)3] 4“ and [ C a H ^ O g ^  ] 3"
The size of the negative charge on both these species is rather high, 
so that it is probable that such ions would be of a very transitory nature 
in a solution containing excess protons which could readily be used to 
reduce this charge.
The results obtained for nickel, when n ~ 1, are similar to those 
of calcium for this value of n, so that complexes of this type need not be 
considered further. When n ~ 2, values of r = 3.50 and a = 2.51 are 
obtained, indicating a mixture of species IV and V, i.e.,
[ NiH3(P20g)2] 3" and [NiH^PgOgJj,]2".
When n = 3, values of r  s 5.14 ('- 5) and a = 4.89 (-* 5) lead to complex 
VIII. However, for reasonsdiscussed above, this entity is not likely to 
be formed to any appreciable extent.
In conclusion, therefore, the most probable complex species which 
can be postulated by this method for calcium and nickel with hypophosphoric 
acid are respectively,
[ CaH5(P20g)2] -
and a mixture of,
[ NiH3(P20g)2] 3" and [ NiH^Og),,] 2“.
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3 «5 The measurement of the dissociation constants of complexes
The experiments which have been described in the previous 
sections have confirmed the view that complex formation occurs between 
hypophosphoric acid and the two groups of divalent metals. It was 
therefore thought of interest to attempt to measure the extent to which
the complexes of two of these metals exist in solution. By the use
t 39\of an ion exchange method (.due to Schubert ) the most likely complex
to be formed under the experimental conditions can be detected and its
dissociation constant measured
It would have been preferable to have carried out the 
experiment, using the same two metals as in the batch experiments 
described in Section 3*4? namely calcium and nickel. However, this 
was not possible, since the half life of the radioactive isotopes of 
nickel was too short (approximately five days) and cobalt-60 was used. 
This was not likely to be a serious disadvantage since, as can be 
seen from the results of the ion exchange removal studies and the pH 
titrations, the behaviours of cobalt and nickel with hypophosphoric 
acid are very similar. No such difficulty existed in the c.ase of 
calcium, as calcium-45 has a half life of 164 days.
The experimental procedure
It was pointed out in Part 2«lc, in the account of the 
thdory relating to this method, that all experiments must be carried 
out in solutions of a constant ionic strength. This was achieved by 
the use of a solution of 0,15 M sodium perchlorate as the inert 
electrolyte, prepared from solid sodium perchlorate which had been 
dr.ied for ten hours at 110° C, to remove all the water of hydration and 
so obtain a specimen of known composition. The dry sodium perohlorate 
was dissolved in water, adjusted to pH 3.2 and made up to 1 litre.
It was arranged that all solutions used throughout the experiment 
were finally 0,15 M in sodium. The resin used was the cation
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exchanger Zeo Karb 225 in the sodium form, which was taken from the 
same hatch as,and prepared in the same manner as the cation resin used 
in all the previous experiments. The sodium form resin was stirred 
with a 0,15 M sodium perchlorate solution for about three hours, to 
ensure that it would not alter appreciably the strength of any 0*15 M 
solutions when placed in contact with them. The resin ¥\;as then 
separated rapidly from the perchlorate solution and air dried.
A nearly saturated solution of tetra-sodium hypophosphate 
(0.0233 M in hypophosphate) was prepared by dissolving the required 
amount of tetra-sodium hypophosphate deca-hydrate (Na^P^O^. i^H^O) in 
some of the O.15M sodium perchlorate solution and making up to one 
litre with water and a known volume of perchloric $cid, so that the 
whole solution was 0,15 M in sodium and at pH 3.2, The tetra-sodium 
salt was used in preference to the slightly more soluble di-sodium 
salt, since it could be prepared in a pure crystalline form more 
easily and was not contaminated with any of the other sodium 
hypophosphates and therefore contained an accurately known amount of 
sodium.
The calcium isotope solution as supplied in the form of the 
chloride, contained 25 m.g.of calcium per ml. and had a total activity 
of 0.27 m.c/ml. 2 ml. of this solution were diluted to 100 ml. to 
provide a stock isotope solution. The cobalt solution was prepared 
from cobalt metal powder containing cobalt-60, A small amount 
(approximately 0.1 g.) of this was partially dissolved in 50 P©*1 cent 
nitric acid. The solution was filtered and neutralised with a known 
volume of 3N standard sodium hydroxide to pH 3.2. On analysis it 
was found to contain 0.149 Eg* °£ cobalt per ml. and was of 
approximately the same (3 activity as the calcium solution.
Samples of the ligand solution were measured from a burette 
into conical flasks, so as to give a range of solutiohs of increasing 
ligand strength. 1 ml. of the calcium isotope solution, or 5 ml# 
of the cobalt solution, were added to each flask and the volume made
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up to 50 nil. "by the addition of sodium perchlorate solution from a 
burette* In the case of the cobalt isotope allowance was made for 
the sodium which was added with this solution* A sample (0.500g,) 
of the sodium form resin was added to each solution and the flasks 
closed with rubber bungs. Two control experiments were carried 
out for each metal. In the first, a 1 ml. or 5 nil. sample of the • •
isotope solution was added to sufficient sodium perchlorate solution 
to make the volume up to 50 ml. The second was identical to the 
first except that 0.500 g. of resin was added to each solution.
All experiments were carried out in duplicate, in an enclosure which 
maintained a temperature of 23*5 +. 0,5°C. The flasks were shaken 
mechanically for four hours 1 preliminary experiments having shown 
that the resin and solution come to equilibrium after about one hour.
At the end of four hours, two 0.2 ml. samples were withdrawn from 
every solution and evaporated to dryness on small aluminium planchets 
under an ‘infra-red1 lamp. The pH of every solution was checked and it 
was found that there was a maximum overall increase of about 0.5*
The (3 activity of every sample was then measured on a 
Phillips counting apparatus. This comprised a lead castle containing 
a G-eiger-Muller tube (Mullard MX 148) with a dead time of 95 f j  
seconds at a working voltage of 45$ volts. The tube was connected 
to a high voltage supply and amplifier (PW 4022) which was in turn 
coupled directly to an electronic counter (PW 4032) and preset count 
and time unit (PW 4052). Owing to the deliquescent nature of sodium j 
perchlorate, it was found advisable to re-dry each sample immediately 
before measuring' its activity from the top shelf of the castle § the
3 4time being recorded for a preset number of counts, usually 10 or 10 •
1
The small amount of radiation given out by most samples, made it 
necessary to carry out five or six separate counts on each one, in 
order to obtain reliable values. These were then corrected for the 
background radiation, and also the dead time of the tube when applicable.
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Plots were then made* as described in Part 2.1c, of l/K,
• |
against (L) , for various values of nf (L) refers here to the
concentration of free hypophosphate, and since the complexing metals 
were present in solution in much greater than tracer quantities, the 
total hypophosphate concentration could not be assumed equal to the 
free hypophosphate concentration. Having determined from one of 
the control experiments, then the amount of free, uncomplexed, metal: 
in e.ach solution could be estimated, as the ratio of the free metal on 
the resin to the free metal in solution must always remain oonstant.
Prom this the amount of complexed metal was found by difference and 
hfrnce the amount of complexed ligand could be determined for various 
values of m!, the ligand to metal ratio. The quantity of free ligand 
was then calculated from the total ligand present, by difference.
The value of K° obtained by extrapolating the graph to (L)n » 0 was 
not always in entire agreement with the value obtained from the 
control experiments, which had been used for the ’free ligand correction’. 
Therefore as the extrapolated K° value was more closely related to the 
exact conditions in the complexing solutions, it could have been used 
to re-correct the free ligand concentrations. However in the case of 
cobalt and calcium, this was found to make negligible difference.
The results are given in Tables 38 and 39 and Pigs. 18 to 24*
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Results
The distribution of Oa - 45 between a cation 
exchange resin and hypophosphate solutions
mis.
^ligan|_
counts/min 
'in ‘solution
l/Kdxl0“2 [ Free ligand 
n1 - 1
concentration 
n'« 2
0 1705.1 - x 10~3 x 10-?
0 153.9 O.O99 0 0
10 194.1 0.1285 0.229 0.510
20 200.8 0.138 O.46I 2.088
30 218.2 0.143 0.691 4.698
40 225.7 0.153 0.923 8.418
49 242.0 0.166 1.131 12.634
Amount of Ca present ■ 0.50 mg. Hypophosphate solns
pH of solution *= 3.2 Ha concentrations
Temperature « 23.5 +. 0.5° C.
.rJ1
n*« 3
x 10 
0
1.104
9.315
31.42
75*80
139.2
0.153 M
Table 38
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The distribution of Co - 60 between a cation
exchange resin and hypopho sphate solutions
mis. counts/min l/iC,xlO“•2 f Free ligand concentration in molei
^ligan|_ in solution
cl
nf= -g- n»* 1 n' = 2 n’= 3
0 1565.4 x 10”1 x 10 ^ x 10“7 in- nx 10
0 491.8 0.436 0 0 0 0
5 518.9 0.473 0.108 0.115 0.131 0.146
10 548.2 0.515 0,152 0.212 0.373 0,518
20 599,5 0.595 0.216 0.427 1.510 4.300
25 610.9 0.614 0.241 0.539 2.460 9.420
35 618.0 0.626 0.285 0.7 69 5*242 31.37
45 623.5 0.651 0,324 1.004 9.040 73.19
Amount of Co present = 0,708 mg • Hypophosphate soln.3 0.0233
n*
pH of solution 
Temperature
« 3*2
= 23.5 + 0.5°C
Ha concentrations 0,153 M
Table 39
0.1 b .
0.15.
o-ity.
o./3.
o . l l .
o
Q IC* .
b.l$ .
0./4 .
0,15 .
o-ll
h 3 1 8 .
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The d^irldtlon of dcstrcLutcoK 
toe.ffccie.nk of Co. with 
hypof>ko$pka,ke Conctnkircation .
n'= /.
0-2 O.^ Ofc OS /.O /.I
[ L ] * / o:3
"The v cure at U n  of d i $ t r i  k^kion 
c o cf f i  t i t n  k of C<l wlklrc 
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x
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R j  z o .
Ih t v i o n  of  oLi%Lri h u t 1
cozffi cie^ t of Ca With
h ^ p o p k o S p k d t z  C o n c ^ y i t r -d t io n  ,
^  o. i t
8 otfO
f
04 5
0 ti3 z I.
T h e  Var i  a.tio'TL of di^t'irc^utco'n 
Coeff ic ient o f Co, u/itk  
hypo phosphate, c on centra, t  Con.
n ' =  * A  .
0.1 0.30
ok
O.lol
Ih e  v a r ia t io n  o f  distribute 
Coeff ic ient  of Co w i t h  
flypo/ohosphals Concentration.
t o n
0.57
«f. 0.55
x 0.53
0.5/
0.8 /• oo . Z
0 iS
0-43.
o . a .
0.59.
0.57.
0.55.
o
0.53.
X
TJ
o 5/.
0.4-9./
o.W>
0.4$.
0.43
o
0-45.
o-t3.
o.&/ .
0.59.
0-57.
o55.
1-o
o.53.
—or
o.5 i
0-49.
0.47?
0.45 ■
0-43
0
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Discussion
It can be seen from Pigs, 18 to 20 that the only plot of
l/iC^  against n '» (ligand concentration)11 which gives a straight
line is that in which n* «= 2# This therefore indicates that
hypophosphate groups and calcium atoms are present in the complex in
the ratio 2si, no account being taken of the number of hydrogen
atoms which it might contain, None the less, this value of n! is
in good agreement with that which was obtained in the anion resin
batch experiments described in Section 3.4* Prom equation (l6) of j
Part 2,1c, the slope of this line is given by l/Ko,K°, K° can be j
estimated from the intercept made by the line with the y-axis, and j
is found to be 777*0* Since the slope « 285*7, this leads to a j
—6value of 4*5 x 10~ for K , the dissociation constant of the complex. I
c i
In the case of cobalt it is evident that none of the chosen ]
f
values of n’ gives a true straight line for the same plots (Figs.21 j
to 24)o However there is a very pronounced trend towards a linear . [
1 1form for values of n* from 3 to The failure of the method to !
I
indicate a particular value for n 1 may well be due to the fact that j
?
more than one complex is formed in solution, since in the plots for j
1 In* .= 1 and n = -g-, the initial part of the curve approximates very 5
well to a straight line, suggesting that only one complex is present, j
until the higher ligand concentrations ace reached where the slope j
changes, indicating the formation of another species. This view is j
also supported by the results of the anion batch experiments with j
nickel (3*4)* These point to the existence of a mixture of complexes j
in the nickel-hypophosphate solution. The reason that the radio I
tracer distribution method does not indicate the same mixture of |
complexes in this case, can be attributed to the fact that the two 
experiments were carried out at different pH values, riamely, 0.9 aild 3*<
It was necessary to perform the•latter.experiment at the higher pH to J 
avoid the removal of sodium from the resin; by hydrogen ions (2,1c). It 
is noteworthy that the change in pH is a critical one for cobalt,
but appears to make little difference to the behaviour of calcium.
It is not possible from an inspection of Figs, 21 and 22
alone, to decide which of the two suggested cobalt-hypophosphate
complexes (rf = J- or n’ = l) is the more likely. If the complex with
n 1 = -gr, i.e. [ Co^ (*2^6  ^^  existed to any extent, it would be
expected that its formation during a pH titration would cause a large
release of protonsf as has been seen in Section 3.3, this is not the
case. In addition it is possible that this type of complex would be
insoluble, since it could form long chain giant molecules, which would
be precipitated out of solution. The improbability of the existence
of this type of complex is supported further by the fact that it has
69not been reported for the similar cobalt-pyrophosphate system •
On the other hand a cobalt-hypophosphate complex of the type
a- =1, e.g. [C oH2 (?206 )] or possibly [ CoH (P206)]7could be formed
without a large release of protons when the ligand was in the form of
the free acid.- Also, it would not form long chain molecules as
readily as the type with n* = -J- and, similar lsl cobalt-pyrophosphate
complexes are well known^.
Owing to the similarity of the slopes of the curves for
cobalt and potassium in Plot II of the pH titrations (page 87) and
the pH (3.2) at which the radio tracer distribution experiments were
carried out, it is likely that the neutral complex [ CoE^ ( ^ ^ ^  3 °
will be formed, rather than the anionic complex [ Co H (PgO^)]"" *
From Fig.22 the slope of the curve is found to be 4*0, and i/k . *=
-30,0043, this leads to a value of 1,1 x 10 for K , the dissociation 7 c7
constant of the complex. However, owing to the rather ambiguous t
results of this experiment, this value should be regarded only as a
qualitative estimate of the extent to which this complex is formed#
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3.6 Ionic size
As was mentioned earlier, it was hoped at the beginning
of this work that the results obtained from the measurement of the
degree of complex formation by the metals investigated, could be
correlated with the size of their ions. It was therefore necessary
to find a suitable set of values for the radii of these cations.
The task of assigning a true value to t,he size of an ion
is one of extreme difficulty, since by their very nature ions have
so far resisted any direct or sure way of differentiating between the
space occupied by the ion and, its sphere of influence. The concept
of ionic size depends greatly upon the environment of the ion and values
Obtained will vary with the method of measurement, As a result there
are available a number of tables of ionic radii, some differing greatly
from others. This topic has been the subject of a recent review by 
56Stern and Amis •
However many of these methods and the results may be 
rejected as inapplicable to the present work, in whioh ions were 
always dealt with in aqueous solution. Values for the size of ions 
as they exist in solution can be obtained by methods which may be 
classified into three main types.
(1) Equilibrium methods
(a) Measurement of partial or apparent molar volumes.
(b) Molar refraction techniques.
(2) Methods which yield internuclear distances.
(a) X-ray diffraction measurements.
The extreme practical difficulties have prevented the wide scale use
56of this technique. However , Stern and Amis state that the results 
obtained so far, indicate that ions are not very much larger in solution 
than tiioy ore in the solid state. This claim will be referred to 
again later.
(b) Dipole moment measurements.
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These cannot normally be carried out in aqueous solution, so that the
results are inapplicable to the present discussion*
(c) Activity coefficients.
These measurements usually take into account some solvent interaction,
so do not give a true value for the size of the ion*
(3) Methods yielding ionic radii.
These usually involve solvation models, or measurement
57of ionic free energies or entropies . In those theories which 
regard the solvent as a continous dielectric medium, ionic radii are 
obtained from the measurement of the heats of hydration of the ions#
Thus these results should give an estimate of the number of solvent 
molecules bound to the metal and the strength with which they are 
bonded. More emphasis will be placed by this approach on those 
solvent molecules which are held to the metal by near chemical bonds, 
in contrast to those which are confined to the neighbourhood of the
i
metal cation by seconary forces. How the extent to which complex
formation occurs between any given metal and ligand in a solution, can
be related directly to the relative strengths of the metal-solvent
and metal-ligand bonds# So that, had a reliable set of ionic radii
based on this method been available, they would have filled the need
of the present work# However in the case of a chelating ligand
the strength of the ligand-metal bond will be greatly influenced by
the size of the metal ion, since only those ions which can fit easily
into the chelate ring, will form bonds of reasonable stability#
This approach to the problem of the size of ions in solution
58has been examined recently by Mischtschenko . The first equation j
relating the heat of hydration to non-hydrated ionic size was derived !
59 60 61 !
by Born and subsequently modified by Bjerrura § while Robertson j.
62 I
and Kapustinsky and Yatsimirsky have suggested similar equations. 1
In 1953, following their work on this topic, Kapustinsky and co-workers |
|
deduced that the value of the ionio radius obtained from their equation j
j
could be related to its crystal radius by the equation, j
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r. » r , + (51 cryst.
They went on to evaluate $ as +, 0.28 2, the positive correction
being used for cations and the negative one for anions. By using
64
a different method of approach, Mischtschenko obtained a value for 
P of +. 0.25 2, He was, unable however, to deduce the exact 
nature of p , except that it was a complex function. This finding 
would therefore lend support to the view that the size of the 
non-hydrated ion in solution, was not very much different from its 
size in a crystal. Therefore the crystal radii of the ions concerned 
were used in the present study.
The sizes of ions in crystals are probably known more accurately 
than in any other state, since they can be deduced from electron density 
maps, constructed from the results of x-ray diffraction experiments. 
However it is still found that the size of a particular ion varies 
according to the type of the other ions which surround it, and to the 
structure of the crystal lattice in which it is situated. Thus this 
difficulty had to be overcome if the values of ionic radii were to 
fulfil/ one of their most useful functions, namely, to enable the 
interatomic distances to be predicted in any ionic compound. This 
was accomplished by compiling a set of additive crystal radii, by 
using accurately known radii of certain ions and from them deducing 
arbitrary values for other anions and cations, so that the sum of the 
radii of a particular anion and cation would equal their measured 
inter atomic distance in a crystal lattice.
6 5
The earliest equation for this purpose was due to Goldschmidt 
who used molar refraction data and the assumption that the polaris- 
ability of an ion was proportional to the cube of its hadius. He 
based his work on a value of 1.32 2 for 0*“ and 1.33 2 for F , though 
his values were subsequently recalculated on the basis of 0“ « 1.40 2 
and F~ » 1.36 2.
- 1 2 k -
Zachariasen also has produced values of the radii of
certain ions hased on an equation which takes into account the
Born electronic repulsion and the co-ordination number of the ion.
67
Pauling , using a different approach, deduced a set of 
radii for ions in crystals possessing a sodium chloride structure, 
based on the assumption that the radius is proportional to the 
charge on the nucleus § which leads to the equation,
R = Cn
Z-S
where 0^ is a constant deduced from the principal quantum number of 
the outermost electrons, Z is the nuclear charge and S is a 
screening constant derived from x-ray measurements and quantum 
mechanical calculations. In addition he evolved univalent radii 
for multivalent ions. These are the radii that the ions would have 
if they kept their electronic configuration, but were univalent.
These radii are not additive.
68Pauling’s equation has been extended by Stockar and used 
to calculate the size of certain positive ions not previously 
evaluated by ’Pauling, and also to recalculate some of Pauling’s 
values. In this way a complete set of values of the radii of the 
positive ions of nearly all the elements of the Periodic Table has 
been obtained and it is this set of values which has been used in the 
present work.
However in the case of hypophosphoric acid, ionic radii,
with the exception of 0“ » 1.4 2, could not be used in the
calculation of the size of the chelate ring, since the exact nature of
the bonds is not known, i.e. the percentage ionic or covalent
character which each bond possesses. This has a great influence on
the bond length and size of the ions, so that it was necessary to use
the actual measured interatomic • distances obtained from the
13hypophosphate ion by physical methods .
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3.7 CONCLUSION.
One of the aims of this work which has been described 
earlier, was to examine the behaviour of hypophosphoric acid as a 
bidentate ligand. When it
° \  / °
acts in this way, complexes are formed involving a five membered 
ring, which structure may be compared with the four membered rings 
formed in the orthophosphate complexes,
° \ / \
An alternative method of combination with metals would involve the 
metal acting as a bridge between tvro hypophosphate groups.
0 0 0 0
1 I ! f
0 —  P   P —  0 — M —  0 —  P ----  P
l i 1 \
0 0 0 0
However, conditions favouring such a bridge type of linking would 
be unlikely to stop at one such linkage and the process would most 
likely proceed indefinitely, giving a giant molecule and resulting 
in precipitation. If conditions are too alkaline this does in 
fact occur and even under quite acidic conditions, it is found with 
cadmium at pH 0.85 and copper at pH3> 0. it-6, as can be seen from the 
results of the cation resin batch experiments (3.2, Figs 12 and 13).
Under suitably acidic conditions there is the additional 
fact that any possible chelate structure will have an enhanced 
stability due to the ring itself; particularly in this case where 
stable five membered rings are involved. Furthermore chelate 
complexes are more likely to be stable and less susceptible to
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complete breakdown than the corresponding chain type molecules, 
since a larger number of bonds (whatever type they may be) has to be 
broken to bring about a complete dissociation of the metal from the 
ligands.
0
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In addition it is possible for the hypophosphate ion to form four 
membered rings, in the same way as the orthophosphate
0
0
t
P
f
0
0
I
p
I
0
0J
ligand, by means of two oxygen atoms attached to the same phosphorus. 
However, it is found in practice that five membered chelate rings 
are, in general, formed in preference to four membered rings; the 
most likely reason being the ability of the five member system 
to-accommodate a wider range of metals without straining the ring 
unduly. Therefore this case will be excluded from the present 
discussion, but will be referred to later when a comparison is made 
with the orthophosphate system.
The other factor which has been investigated is the effect 
of the size of the metal atom and, in particular, whether there 
were any limitations on the sise of atom with which chelate complex 
formation could take place. The results obtained from the ion 
exchange batch experiments (3*2, Figs 8 to 13) show that complex 
formation does occur to a greater or lesser extent with a large
--.MnrinirnMf~«nrwrirHniwnrnrnvj*:rHi1Tfifti*iTWP>i*aMV<0>**^*JM*fc*tmft
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number of bivalent metals covering a wide range of ionic radii. 
Results-, from the pH titration experiments (3*3) support this, 
particularly when due allowance is made for the different experimental 
conditions.
More detailed information concerning the charge and type of
complex ion formed between the hypophosphate ligand and calcium,
cobalt and nickel is given by the results of the other ion exchange
equilibrium experiments carried out with these metals (3*^ and 3«5)«
It has been shown by Salmon and co-workers, that under these
conditions, anionic complexes are most likely with tervalent metals
and orthophosphoric acid, ^  e.g. (HPO^)-,]^ ,
[ Al (HPO. ) ] and [ A1 (HPCh)p ] , while under the conditions
35 36bof the pH titration cationic complexes are formed, 1 e«g.
[ F e ^ ”^ HPO^]+. The results of these experiments (3*^ and 3*3)
suggest that the same is true for kypophosphoric acid and the 
divalent metals, both transitional and non-transitional. Thus in 
the case of calcium, the results of the ion exchange batch 
experiments (3.2, 3»*0 indicate the existence of an anionic complex, 
which it has been deduced, carries a single charge, has a ligand 
to metal ratio of 2 : 1 and contains five hydrogen atoms. The 
most probable formula would be,
[Ca H5 CP2 06 ) 2 ] -
The possible stereo^chemical structure of this complex is illustrated 
in Fig. 25. The two hypophosphate chelate rings are probably 
bonded to the metal in the same plane, while the remaining two 
positions of the co-ordination octahedron are occupied by water 
molecules. The above formula is also in agreement with the results 
obtained from the radio active tracer distribution experiments (3*5) 
which indicate a complex with a 2 : 1  ligand to metal ratio and 
having a dissociation constant of x 10 for the breakdown of 
the complex into a calcium ion and two hypophosphate ions.
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With nickel, the batch experiments (3.2) show that complexing 
is taking place and the anion exchange experiments (3**0 again show 
that the complex is anionic, although, under these experimental 
conditions it would appear that double and triple charged compllex 
ions co-exist. Again a 2 : 1 ligand to metal ratio is suggested, 
the increased charge resulting from the loss of further protons:
[ Ni H3 (P2 0g)2] 3-
[ Ni (P2 0g)2] 2"
With cobalt, the radioactive- tracer distribution experiments (3.5) 
are not in such good agreement with the previous ion exchange batch 
studies and the results suggest that an uncharged complex is formed,
[ Co H2 P2 Og ]°,
-3for which a dissociation constant of 1.1 x 10 was obtained. The 
possible stereo-chemical structure of this complex is illustrated 
in Fig. 25. This type of complex could not have been detected by 
either the anion or cation resin experiments described in Part 3.^.
The pH titration results really serve only as supporting 
evidence for the relative degrees of complex formation with the 
various metals, since as has already been mentioned, under the 
experimental conditions used for these titrations, cationic complexes 
are more likely than anionic.
Assuming that chelate type complexes consisting of five 
membered rings are formed, it is reasonable to suppose that there 
will be a maximum size metal ion which can be accepted as part of 
such a ring without causing a prohibitive amount of strain. It is 
in fact possible that there is an optimum size ion for ring forma­
tion, since a very small ion would also involve strain in the bond
angles. This has been shown by Genge and Salmon to be the case
35for orthophosphoric acid and tervalent metals . Considering 
the hypophosphate ion, it can be shown that there are two limiting 
positions for the oxygens on one phosphorus atom relative to those 
on the other. In one case the two oxygen and two phosphorus atoms
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lie in the same plane and the distance between the oxygen atoms is 
a minimum, Fig 26a. By rotating the two parts of the ion through 
60° about the phosphorus to phosphorus bond, the second limiting 
position is obtained, with the relevant oxygen atoms on each 
phosphorus at the maximum distance from each other, Fig 26c.
Considering the first position, Fig 26b, in whicha
P —  P = 2.2 A° 1
0 = 1.55 A° > (ref- 13)
P P O  = 109° 28'
CT radius = 1.40 A° (ref. 67),
it is necessary to ascertain first that the two oxygens to be used
in forming the chelate ring are not in contact.
Now, x = 1*33 Sin (19° 28) = 0.32 A°
so that 0 - 0 = 2.2 + 2x = 3*24 A°
. o
The radius of each oxygen atom -- 1.40 A
3 4the gap between 0 and 0 =-
3.24 -2,(1.40) = 0.44 A°r
Thus this indicates that there is sufficient room between the two 
oxygens to allow a chelate ring to be formed.
Before it is possible to calculate^, the oxygen to metal
A
distance, an assumption has to be made as regard the angles , P 0 M 
and 0 M 0. Since no other information is available, it is 
reasonable to assume that these two will be equal and, where possible 
will have a value approaching 90°, which leads in this case to 
p /O M  = o1^0  = 107° (the sum of the interior angles of any n-sided 
figure = (2n - 4) right angles).
Now y = Yd0 - 0) = 1.62 A°
z = 1.62 = 2.02 A°
Sin (33° 3o' )
Again using the oxygen radius of 1.40 A , this leads to a metal 
radius of
2.02 - 1.40 = 0.62 A°.
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Therefore, a metal radius of 0.62 is the optimum size required to 
complete the chelate ring in the first limiting position of 
complexing.
, o
If one of the PO^ groups is allowed to roiate through 60 , 
the second limiting position is reached. Now the chelate ring will 
no longer be in the plane of the phosphorus to phosphorus bond and 
this allows the oxygen-metal-oxygen bond angle to approach 90°,
Fig. 26 c and d. It is not necessary in this case to verify that 
the oxygen atoms concerned in chelate formation are not in contact, 
since they are now further apart than in the first case.
Referring to Fig. 26 d, it is first required to calculate the 
3 1distace from 0 to 0 . Since these two oxygens are tetrahedrally 
placed about the same phosphorus, this distance will be the same as 
the oxygen to oxygen distance in the phosphate ion, Fig. 26 e.
O3 —  01 = 2[ 1.55 Sin (— ■2--?-- )] = 2.53 A°.
The distance, w, has been found from the first
limiting position calculation to .. . • . = 3 *2h A°.
3 ^(i.e. it corresponds to 0 —  0 in the first case.)
2 ,2.53\2 f-z i \2Therefore, y = (—?y— ) + (3*2*f)
Hence, y =• 3*^8 A°
So that M — ■ 0 = . 1/2 (y) - ’. Yz ( 3 » )  = 2.32 A°
Sin(^-°) Sin (^T"
/N o
It has been assumed that 0 M 0 = 98 since this angle tends from 
107° towards 90°, for the reason mentioned above.
This leads to a metal radius of
2.32 —  l.^ fO ~ 0.92 A°,
which is the optimum size for chelation in the second limiting 
position.
Therefore it has been demonstrated that by allowing the two 
parts of the hypophosphate ion to rotate freely about the phosphorus 
to phosphorus bond, two limiting positions for chelate ring 
formation are obtained, which between them are capable of accepting,
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without strain, metals within the range 0.62 to 0.92 A°. However,
it might be expected that preference would be shown for the two
limiting positions, since these have maximum symmetry, but owing 
to the approximate nature of the calculations this would be difficult 
to verify.
These results can now be used in conjunction with those of 
the cation resin batch experiments (3.2), to show any connection 
between the degree of complexing and the radius of the metal ion.
If the percentages of each of the metals removed from the resin at 
a fixed pH, by hypophosphoric and perchloric acids (Tables 4l and
^3) are plotted against the radii of the metal ions (Table 40), this
will give a family of curves (one for the pH of each solution) for 
each of the two groups of metals, Figs. 27 - 29. A third family 
of curves is obtained by a similar plot for beryllium, magnesium, 
zinc and cadmium on the same ordinates, Fig. 32. Wherever possible 
the curves for perchloric acid have been drawn on the same axes as 
those for hypophosphoric acid, since a truer estimate of the degree 
of complex formation occurring between hypophosphoric acid and the 
divalent metals, is obtained by comparing the amount of metal 
removed from the resin by this acid, with the amount removed by 
perchloric acid, at the same pH. It is assumed that perchloric 
acid does not form complexes under these conditions.
By plotting similar curves to those above, for orthophosphoric 
and perchloric acids (Table 42, Figs. 30 and 31)» it is possible to 
compare the complexiing powers of hypophosphoric acid and orthophos­
phoric acid. These results will be discussed later.
Inspection of the curves for the Group II A metals, Fig. 27* 
reveals that there is a slight decrease in complexing power with 
increasing metal radius from magnesium to calcium and a marked 
falling off in complex formation from calcium to barium. It can 
also be seen, in contrast to conclusions reached in Part 3*2, that 
beryllium complexes less with hypophosphoric acid than any of the 
other metals in this group. Hypophosphoric acid removes some
-134-
The heats of hydration and ionic radii of divalent metals.
Metal Radius - Heat of hydration
■ - 4 .  68 . . .  33m  A units m  kcal.
Be 0.32
Mg 0.63 464
Ca 0.99 382
Sr 1.15 350
Ba 1.37 316
Mn 0.87- 445
Fe 0.84 468
Co 0.82 497
Ni 0.79 507
Cu 0.77 507
Zn 0.74 492
Cd 0.97 437
T A B L E  4 0
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30 per cent more beryllium from the resin than does perchloric 
acid. It might be expected that beryllium would not complex 
readily with the hypophosphate ligand, since its small size would 
cause a prohibitive amount of strain in the chelate ring and so 
force the metal to form a complex of some other structure, possibly 
of the chain type.
The same plot for the transition metals is not as simple 
(Figs, 28 and 29). The complex stabilities increase with increasing 
metal radius from zinc to cobalt and then drop suddenly at iron, to 
increase again at manganese. The apparent reduction in complexing 
power with divalent iron.may well be due to the ease with which 
this metal is oxidised to the tervalent state. The ferrous state 
alone was estimated by the method of analysis used, since qualitative 
tests appeared to indicate that only slight oxidation of the divalent 
metal had occurred. However the experimental curves obtained 
suggest that at a pH slightly lower than the minimum value used, 
iron will be situated on a simple curve rising steadily from .zinc 
to manganese.
If the percentages of cadmium removed by hypophosphoric and 
perchloric acids are compared, it is noticed that the complexing 
power of cadmium is greater than that of manganese, so maintaining 
the upward trend of the curve from zinc to cadmium.
The position of copperas somewhat anomalous, since it 
appears to complex more strongly than might be expected if it was to 
lie on the above curve. However, this can be attributed to the 
fact that its mechanism of complex formation is probably different 
from that used by the other metals, since it is inclined to form 
polymeric complexes, most likely of the chain type discussed earlier.
An attempt was made (Fig. 32) to detect any simple relation­
ship between the complexing powers of beryllium, magnesium, zinc 
and cadmium, i.e. those metals with no inner d electrons (Be, Mg) 
and those with completely filled inner d orbitals (Zn, Cd).
~l44~
However, an inspection of Fig. 32 reveals that the variation of 
ionic radius does not account for the experimental order of complex 
stabilities, namely,
Mg >  Cd Be >  Zn
It was thought that a more quantitative estimate of the 
degree of complex formation between the hypophosphate ligand and the 
divalent metals might be obtained by either dividing the percentage 
of metal removed by hypophosphate, by the percentage removed by 
perchloric acid (Tables 4l. and 43), or, by subtracting the percentage 
of metal removed by perchloric acid from the percentage removed by 
hypophosphoric acid.
The results of these two operations are given in Tables 44 
and 45. The experimental results obtained for orthophosphoric acid 
were also treated in the same way (Tables 46 and 4?). However, 
these calculated values seem to indicate that the original experi­
mental results were not of sufficient accuracy to warrent such 
treatment. Nevertheless if the values obtained by subtraction, 
for the two groups of metals, are plotted against the ionic radii 
of the metals (Figs. 33, 34) they support, in'general, the conclusions 
reached from a consideration of Figs. 27, 28 and 29.
On the basis of the results of this experiment, the general 
conclusion can be reached that complex formation between the hypo­
phosphate ion and the first series of transition metals, increases 
with increasing size of the metal ion, which is in direct contrast 
to the behaviour of the alkaline earth metals. It might be argued 
that the range of metal radii used in the case of the transition 
metals was very much smaller than for the Group II A metals, all the 
transition metal radii falling between those of magnesium and 
calcium, so making any comparison between the two difficult. None 
the less, if only zinc (0.74 A°), manganese (O.87 A°), magnesium 
(O.65 A°) and calcium (0.99 A°) are considered, so that nearly the 
same range of radii are covered, then there is a rise in complexing
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power with incrbasing md±u« from zinc to manganese, while there is 
a decrease in complex formation with increasing size from magnesium 
to calcium. Thus the above conclusion is verified, that these two 
groups of metals behave in radically different manners when 
undergoing complex formation ,with hypophosphoric acid. This topic 
will be discussed further in due course.
All the transition metals which were examined, fall within 
the range 0.6 to 0.9 A°, so that their size will not prevent them 
from being chelated by the hypophosphate ligand. The same, however, 
is not true of the alkaline earth metals; here the metal size range 
extends beyond the chelate ring range, so that provided all other 
factors are equal, it is to be expected that complexing would tail 
off rapidly after 1.0 A°. This is indeed found to be the case with 
strontium (1.15A0) and barium (1.37 A°).
It now remains to explain the difference in behaviour with 
hypophosphoric acid which has been noted between the transition and 
non-transition metals. Before this can be attempted, however, the 
actual process of complex formation in aqueous solution must be 
examined in a little more detail.
As pointed out earlier the order of complex formation 
observed for the transition metals, viz.
M n >  Fe >  Co >  Cu >  Ni >  Zn 
is almost the reverse (due allowance having been made for the
34behaviour of iron) of the order quoted by Irving and Williams , 
i.e. s
M n ^ F e  « < C o <  N i < C u > Z n  
But these authors pointed out that their experimental order of 
complex stabilities holds only for complexes in which the ligand is 
the conjugate base of a weak acid. Now the hypophosphate ion is 
the conjugate base of a comparatively strong acid, this means that 
the protons and hypophosphate anion are always highly dissociated 
from one another. The Lewis theory of acids and bases states that 
a base is any substance capable of donating a pair of electrons to
- I n ­
form a co-ordinate bond, while an acid is any substance which is 
capable of accepting such a pair of electrons* Therefore this 
theory embraces not only the more customary acids and bases, such 
as protons and acid anions e.g. Cl , OH , but also all complex 
compounds in which the metal act as the acid (electron acceptor) 
and the ligand as the base (electron donor) in the formation of a 
co-ordinate bond.
e.g.; Ag+ + 2 (: NH^) [ Ag (NH3)2 ] +
acid base
Cu++ + k 0  0H2) [ Cu (0H2)if] ++
acid base
Therefore considering the case of the hypophosphate ion,
2—
[ Hg P£ Og 3 j "because this is the conjugate base of a strong acid 
this will not form a strong bond to a proton, so that the position 
of equilibrium in the reaction,
H* ♦. C h2 p2 06 ] 2“* - -  c h3 P2 06 ] -
acid base
will be to the extreme left of the equation. This therefore allows 
the a 
i.e.:
cid H+ to combine with H^O, the conjugate base of a weak acid,
H +
the equilibrium now being on the right of the equation. If divalent 
metal ions, which will behave as an acid, are now introduced into 
the system, the hypophosphate ion will react as before, i.e. it 
will not bond strongly to the metali
m 2+ + [ H2 P2 Og ] [ MH2 P2 Og ]
acid base
So that the metal reacts more favourably with the weak base H^O,
M2+ + :0H2 [ M (0H2) ] 2+
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The equilibrium in both these reactions will not of course be in 
exactly the same position as the corresponding equilibrium in each 
of the above reactions involving protons, but it will be on the same 
side of the equation. Thus the general conclusion which might be 
drawn from this discussion is that divalent metal-hypophosphate 
complexes are very weakly associated, the metal preferring to remain 
as the aquo complex, or in other words, the metal to hypophosphate 
bond is very weak and of low stability compared with the metal to 
water bond. However, reasonably stable complex formation has been 
detected in this present study, for example the calcium complex,
-6[ Ca H^ (P^ has a dissociation constant of 4.5 x 10 ,
therefore the strength of the complexing acid is not the only factor 
which influences complex formation.
Another approach to this question is through the consideration 
of the free energy change which might occur when divalent metals 
and hypophosphate ligands interact. Now the stability of any 
complex species is directly related to AG, the change in free energy 
of the system, brought about by the formation of that species. This 
means that if A G  is large and in the correct sense (there must 
always be a decrease in the total free energy of the system for any 
chemical reaction to occur) then the stability of the resulting 
complex will be high, i.e., a high ligand to metal bond strength 
and a low degree of dissociation. Alternatively, if A G is small 
then the complex will not be very stable.
Since the process of complex formation in aqueous solution 
is primarily one of competition between the ligand and water for 
possession of the metal, i.ei
M2+(H20)n ( aq ) + LP“( aq ) — [ M L ] (P “ 2)' (,aq ) + nHgO (,aq.)
then free energy change will be essentially that due to the replace^ 
ment by the ligand, of the water molecules attached to the metal.
Now it can be shown that,
AG AH -  T. A S,
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where, A H  can be thought of, as the difference between the sum of 
the heats of formation of the metal to water bonds and the sum of the 
heats of formation of the metal to ligand bonds, T is the temperature 
at which the reaction is carried out and A S is the change in entropy 
of the system. In the case of the divalent metal-hypophosphate 
system, the heat term will be small, due to the low metal to ligand 
bond strength, the cause of which was discussed above. However 
this term does not dominate the process, beoause. in a reaction 'in 
which uncharged ligands are replaced by others having an opposite 
charge to that of the metal ion, the entropy change assists the 
reaction. This is due to the fact that by virtue of their charge 
these ligands are less randomly orientated around the metal than 
is the case with the non-charged ligands. So that in this example, 
the inherently low metal to hypophosphate bond strength is com­
pensated to some extent by a favourable change in entropy, „
However, the resultant free energy change is often probably 
very small, so it cannot be expected that the order of complex 
stabilities obtained for one ligand with a series of metals, will 
hold when the ligand is changed.
The observed difference in complexing behaviour, with hypo­
phosphoric acid, of the transition metals and Group II A metals 
can be explained by viewing the reaction from the standpoint of the 
metal. The first reason which might be suggested for this 
dissimilarity, is the use by the metals cf different types of bonds 
to co-ordinate them to the ligands. It is necessary, therefore, 
to examine the electronic structures of these two groups of metals, 
in some detail. The most common type of complex compound is that 
in which six ligands are arranged octahedrally about the metal atom, 
so that it is probable that wherever possible this will be the case 
in the divalent metal-hypophosphate system, each hypophosphate ion 
occupying two of the positions.
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When involved in the formation of an octahedral complex,
metal atoms normally employ six equivalent orbitals for bond
formation with the six electron donating ligand groups. These
orbitals are formed by the hybridization, or mixing, of six atomic
orbitals, namely s, p , p , p , d p 2 an<i d 2* The resulting 
2 3 x y z x —y z
d s p hybridized orbitals are capable of forming bonds of much
greater strength with the ligand orbitals than any of the individua.1
orbitals used in their formation.
It is a characteristic of the Group II metals that their
two valency electrons are contained in an s orbital, all the d
orbitals of the next lower principal quantum number being completely
unoccupied. So that with the ionization of the two s electrons
to give the divalent ion, this leaves the s orbital vacant, and
allows it to be combined with the three p, and two d orbitals of
3 2the same principal quantum number. The resultant sp d hybrid 
orbitals can then accept the twelve electrons donated by the six 
ligands, to form six bonds which point along the six directions in
space given by a set of cartesian axes.
4s 4p 4d
++
Ca
□  r r ~ o  c m
[ CaLg ] + + W T i i l i
/
4,
/
Ip-
t lt 1
— — 1__________ 1
In contrast to the Group II A metals, the divalent transition
metals are characterized by the fact that their valency electrons
are contained in d orbitals, and in addition, with the exception
of zinc, these orbitals are incompletely filled with electrons.
Thus it would appear that there is the possibility of the formation
2 3of two types of d sp hybrid bonds. The first, in which the 
d orbitals used have a principal quantum number of one less than that 
of the s and p orbitals employed, and the second type, in which 
the s, p and d orbitals have the same principal quantum number.
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However it will be shown that in the case of the hypophosphate 
ligand, this latter case will be the most likely/one.
In a free and isolated divalent transition metal ion, there 
are five equivalent and degenerate d orbitals in which the requisite 
number of electrons are distributed. Two of these orbitals, 
namely y2 anc* sometimes termed the d*^  orbitals, point
directly along the cartesian axes. (The d 2 orbital is actuallyz1
constructed from two interdependant orbitals, viz, d 2 2 an&z — x
d o  p). In addition to these there are a set of three orbitals
Z'- — Y / O
orientated at 45 to the axes,, these are the d , d and d » orxy' xz yz
the d^  orbitals. All t'o.e&e orbitals with the exception of the
d 2* have each four Xtobes of maximum electron probability. The 
z three
d^p has essentially
Now in the formation :of an octahedral complex the free metal
ion can be imagined as being situated at the centre of a cube, the
cartesian axes being parallel or at right angles to the sides of the
cube. Six monodentate ligands are now allowed to approach the
metal simultaneously, each one coming from the centre of one of the
faces of the cube, as a result of which the electrons in the d orbitals
of the metal are subject to a repulsive force caused by the
electronic field of the approaching ligands. This causes the
electron clouds of these orbitals to withdraw closer to the nucleus
of the metal ion, resulting in a rise in energy of the electrons in
all of them. However,the d orbitals do not all suffer the same
rise in energy, due to their different orientations about the nucleus,
some being nearer to the ligands than others. Thus the two d^
orbitals, which are immediately in the paths of the approaching
ligands, have a higher energy than the d*- orbitals. The energy 
/o
separation,^Dq, or the extent to which the d^ and d^ orbitals are
split will depend on the strength of the ligand field; the stronger
to
the field the larger^Dq will become. In each case however, the 
d^ and d^ orbitals are degenerate for a perfectly symmetrical 
octahedral field.
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energy
A
/O Dq
V/
free ion octahedral 
fi e 1 d (symme trie)
/ o
If\Dq is large, the energy required for the electrons in the
dj£ levels will be high; thus there wfl.ll be a tendency, whenever
possible, for these electrons to be demoted to the d^ levels, so
that each one of the orbitals contains two electrons, i.e. spin
pairing occurs. The energy required to overcome the tendency to
maintain the maximum number of electrons with unpaired spins, is much
less than that required to maintain electrons in the dg orbitals.
This then leaves the dg orbitals free to accept the electrons donated
by the ligand, after these ortitals have been hybridized with the
s and p orbitals of the next higher principal quantum number, that
2 3
is, they form (n - 1) d n(s p ) hybrids, where n is the principal 
quantum number. It should be mentioned that although the energy 
of the orbitals of the metal increases due to the presence of the 
ligand field, there is an overall decrease in the energy of the 
system once bond formation has occurred. This case is illustrated 
below for divalent iron
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3d ki ifp kd
Fe^+(Free ion)
[ Fe(CN)g 3^- 
(strong field)
lull iiti hi n
J*€
if if
-—V
K I
-- V----------- ’
.iffanil electrons
[Fe(H20)6 ]
(weak field)
2+
iulTirR
For a. v^tatk (Wei
Whon tho ligand is weak,
ligand electrons
then
10
,ADq will be small and hence
the energy required to pair the electrons will be greater than that 
required to promote some of the electrons up to the d^ levels. 
Therefore the maximum number of unpaired electron spins will be 
maintained, so that the d^ orbitals will not be available for bond 
formation, since all the divalent metals from manganese to zinc 
have five or more electrons in the outer d orbitals.. Complexes of 
this type are known as spin free; the metal will now use s, p and 
d orbitals of the same principal quantum number for bond formation.
The two types of complex, spin free and spin paired are usually 
identified by magnetic, susceptibility and spectroscopic measurements. 
The spin free complex case is illustrated above with divalent iron.
The strength of the ligand field, and hence the value of Dq, 
is related to the polarisability of the electrons belonging to the 
ligand atom or groups, or more approximately to the electronegativity 
of these atoms. In general, those which have a low electronegativity 
will possess strong ligand fields, since a high proportion of their 
electron cloud can approach the metal closely. In contrast,
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ligands with a high electronegativity will have a low field strength, 
since their electron cloud will be disposed symmetrically about, 
and close to, the nucleus. This is illustrated bythe following
exhibit only weak fields, so that it is highly probable that the 
same is true for the hypophosphate ligand. Thus in the formation 
of octahedral complexes with the divalent transition metals, the 
bonding will be the same as that used by the Group II A metals, i.e.
quantum number. Thus the difference in complexing behaviour 
observed between these two groups of metals with hypophosphoric acid, 
cannot be explained on the basis of a difference in bond type,
None the less the essential difference between these two 
groups of metals is one of electronic configuration, namely the 
valency electrons of the transition metals are situated in d orbitals, 
while the alkaline earth valency electrons are in s orbitals.
This leads to a difference in effective charge on the two classes 
of metals.
An s orbital is spherically symmetrical and tends to be more 
localised than a d orbital. This means that the electron clouds 
around the nucleus of the alkaline earth metal, are rather compact 
and hence shield the nucleus efficiently. So that if a small 
negative test charge is placed close to the metal, it experiences 
an nett attractive force equivalent to a nominal two units which 
might be expected for a divalent metal. Now in the case of the 
transition metals, especially those from manganese to copper, there 
is a large proportion of the electrons belonging to the metal, 
occupying d orbitals. These are rather diffuse and their maxima 
point in predetermined directions, so that they are very much less
55approximate order of decreasing ligand field strengths ,
C t T >  N O ^  ethylenediamine ^  S C N * ^  H^O 
F“ 0 C l“^ > B r" . 
3-  2-The inorganic oxy-acid ligands, e.g. P 0^ , S 0^ , usually
3 2sp d , where the s, p and d orbitals have the same principal
- I n ­
efficient in shielding the nucleus. Thus when the same test
charge is brought up close to the metal atom, it may very well be
situated inside (i.e. nearer to the nucleus than) a region of high
d electron probability and so be subject to a nett attractive force
which is greater than the expected two units. At normal distances
of approach for chemical reactions this discrepancy may be about
+ 10 per cent, and up to 300 to kOO per cent greater, close to the 
55
nucleus . It can be shown by simple classical electrostatics,
that for a given series of metals of a certain^ valency, the size of
the effective charge increases as the number of d electrons 
55
increases . Therefore there will be a progressive increase in
II IIthe size of the effective charge from manganese to zinc
One of the consequences of this, is that the heats of 
hydration of the metals, for the process*
M2+ (g) ---M2+ (aq)
also increase in this order (Table ^0, pl3*f), that is the strength of 
the metal to water bond increases from manganese to zinc. This 
in turn means that it becomes increasingly harder for the hypo- 
phosphate ion to compete with the water molecules for possession 
of the metal. Since it has already been shown that in this 
instance, the size of the transition metals is not likely to have 
much influence on chelate formation from a steric point of view, 
then this ’competition’ factor must dominate the process. So that 
the hypophosphate ligand will complex most readily with those 
metals which are not so strongly bound to water. This then gives 
rise to the observed order of complex formation i.e.
Cd >  Mn > F e >  Co >  Ni >  Zn, 
due allowance having been made, as discussed earlier, for the 
behaviour of iron.
As a corollary, it must be concluded that the entropy term 
in the expression for the free energy change of the reaction, is 
not sufficiently large to make the reverse order possible, that 
is the order observed by Irving and Williams.
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The alkaline earth metals, on the other hand, have the 
expected divalent charge of two units, which is spherically distri­
buted, leading to a decrease in the intensity of the charge with 
increasing radius. This is indeed reflected in the heats of hydra-* 
tion of these metals. Thus it might be argued that hypophosphate 
complexing should increase with increasing size of the metal, that 
is, in the reverse direction to the experimental order. But as 
has already been noted, the size of the metal ion becomes a limiting 
factor in the case of strontium and barium. This restriction may 
also extend to calcium since on the basis of the approximate calcu­
lations, it is at the extreme end of the optimum metal size range 
(chelate ring size range 0.62 to 0.92 A°, radius of Ca++ 0.99)•
In addition to this fact a slight expansion of the cation-will occur
58in solution, with a similar shrinkage in the anion , s'o causing 
more strain inthe chelate ring. This will then explain the observed 
order of decreasing stability of the hypophosphate complexes from 
magnesium to barium. The low complexing power of beryllium, as was 
discussed earlier, can be attributed to its small size, which 
possibly forces it to adopt a chain structure rather than the chelate 
type. In addition,its small size combined with a divalent charge 
would probably lead to a large value for the heat of hydration, hence 
making it easily eluted from the resin, but not readily complexed 
by weak ligands such as hypophosphate.
By postulating a difference in effective charge, for the
two groups of metals, a partial explanation should be possible for
the results of the cation resin batch experiments with these metals
and perchloric acid (Figs. 8 and 9)* It was found that with the
exception of beryllium, perchloric acid removes appreciably larger
amounts of the transition metals from the resin than the Group II A
metals. It is doubtful whether this could be attributed to complex
formation, as divalent metal-perchlorate complexes have never been 
69reported . However it could be suggested that by virtue of their 
higher heats of hydration, the transition metals are capable of
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existing in a. lower energy state in solution, than the alkaline 
earth metals. Thus under similar conditions witfcu a non-complexing 
acid, a higher percentage of the total transition metal on the 
resin, will be removed from the resin into the solution. This is 
by no means a complete explanation, as is made evident by a more 
detailed comparison of the results of this experiment with the 
individual heats of hydration of the ions.
It was one of the intentions in carrying out this study to 
compare the complexing properties of hypophosphoric, orthophosphoric 
and pyrophosphoric acids. The ion exchange batch experiments of 
Part 3*2, confirm the view that hypophosphoric acid is a more 
powerful chela.ting ligand than orthophosphoric acid. This is to be
expected for two reasons. Firstly, the orthophosphate ion is
derived from the stronger acid and, secondly, it forms a four
membered ring in contrast to the five membered ring of the hypo­
phosphate chelate. As was mentioned earlier, it is generally 
found that four member chelate rings are usually less stable than 
five membered ones. In addition from steric considerations, the
range of metals with which it will complex to any appreciable extent,
*
is more limited than in the case of hypophosphoric acid.
The results obtained from the cation exchange resin batch, 
experiments (3*2) for orthophosphoric acid and the divalent metals, 
have been treated in the same way as those for hypophosphoric acid. 
That is, graphs have been plotted of the percentage metal removed 
from the resin by orthophosphoric and perchloric acids, against the 
ionic radii (Figs. 29, 30 and 31) and also a table of differences 
and ratios for the two acids, has been prepared (Tables b6 and b'?) *
The results illustrated in Figs. 29 and 30 suggest that the 
transition metals, with the exception of copper, complex very little 
with orthophosphoric acid and, when complex formation does occur, 
it is only in solutions of low pH and high ligand concentration.
It is noteworthy that copper behaves in an anomalous manner with 
the orthophosphate ligand as well as the hypophosphate ligand.
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The observed behaviour of orthophosphoric with the transition metals
69is m  agreement with that reported in the literature . This is
in marked contrast to its behaviour with the tervalent metals
35 oinvestigated by Genge and Salmon who found that a value of 0.72A
for the optimum metal size, held both in theory and practice. In
addition a wide range of tervalent-orthophosphate complexes have
69been detected and investigated .
An examination of the experimental results obtained with the 
alkaline earth metals and orthophosphoric acid (Fig, 31) indicates, 
with the exception of beryllium, that these metals complex strongly 
with orthophosphate, though not as strongly as they do with hypo­
phosphate (Tables and k 6 )• However this experiment suggests
that strontium complexes with orthophosphate to a much greater
degree than any of the other metals in this group. No reason is 
readily apparent for this behaviour. It can also be seen that 
the order of complex formation obtained with orthophosphoric acid 
i*e. ;
Sr >  M g ^  Ca >  Ba >  Be , 
is similar to that which was detected for hypophosphoric acid.
In the case of pyrophosphoric acid,
0 0
\  X
0 ~  P --  0 -- P ----- 0
/  \0 x o
there is a closer similarity to hypophosphoric acid, their dissocia­
tion constants being for the most part similar (1.1)* Also,the 
pyrophosphate ligand forms a six membered chelate ring and it is 
generally held that this type of ring is not much less stable than 
the five membered variety. Pyrophosphate-divalent metal complexes
are well known and usually occur with ligand to metal ratios of
69
1 : 1 and 1: 2, and more rarely 1 : 3 * In the case of the 1 : 2
cobalt complex it has been assigned the same type of chelate ring 
70structure as was suggested earlier in the discussion for the
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1 : 2 cobalt-hypophosphate complexes detected in the anion batchi 
experiments (3*^).
phosphate complexes seem to be a little more stable. This may 
be due to the slight increase in flexibility of the six membered 
ring as compared with the five, or, a comparative reluctance to 
complex on the part of the hypophosphate ion, which might in some 
way be attributed to the presence of a • P— -P bond in the 
molecule. However, these arguments are rather speculative, as 
the pyrophosphate complex systems are much more well known and 
investigated than the corresponding hypophosphate systems.
This latter point emphasises the fact that the work described 
within this thesis, has been very much of an exploratory nature 
and it is hoped that it has indicated where possible future fields 
of investigation into the properties of the hypophosphate ligand 
wiHL lie.
0 0
0 p 0 0 p 0
0 Co 0
0 p 0 0 p 0
0 0
Also, especially with the alkaline earth metals, the hypo
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Percentages of divalent metals removed from a cation
exchanger by Og at constant pH.
pH of : 1.0 , 0.85 , 0.75 , 0,65 , 0.55 , 0.45 , 0.36
solution
Metal
Be 55.0 70.5 81.6 86.4 89.8 91.^ 91.8
Mg 66,3 70 <•. 0 73.1 76.5 79.9 83.7 88,0
Ca 64.1 67.6 71.0 7^.3 78.2 81.5 84.0
Sr 56.9 61.0 64.5 67.1 70.0 72.3 74.0
Ba 53.0 58 c d 62.7 65.9 67.5 68.2 68.8
Mn k 3 .6 55.8 63.8 71.3 80.0 86.3 90.0
Fe 33.8 4-3.0 51.8 6^.0 73.1 79.5 82.5
Co kh.Z 58.8 68.2 75.^ 81.5 84.4 85.O
Ni ^3.9 52.2 58.0 6it.8 73.0 80.4 82.4
Cu - - - - - 90.0 100.0
2 n 37.8 48.3 54.0 60.0 67.9 75.6 81.0
Cd
*
35.3 48.0 55.9 65.3 73.0 77.2 75.0
*
These are extrapolated values obtained from
Figs. 12 and 13 (3.2).
T A B L E  4 1
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Percentages of divalent metals removed from a cation
exchanger by P 0^ at constant pH«
I of : 
jlution
1*0 , 0.85 , 0.75 , 0.65 , 0.55 , 0.45 , 0.36
stal
Be 70.0 79.0 84 .5 88.5 91.0 92.5 93.0
Mg 64 o 0 67.5 69.0 70.0 72.0 74.0, 76.0
Ca 63,0 66.0 68.0 69.5 71.5 73.5 75.0
Sr 89o5 91.5 92.0 92.0 93.0 94.5 99.0
Ba 52*5 53.0 54.0 54.5 55.0 56.0 57.0
Mn 37.0 44«0 49.5 55.0 60.5 65.0 68.5
Fe 28.5 35.0 40.5 46.0 50.0 53.0 55.5
Co 35.0 41.0 45.5 50.0 55.5 61.0 63.O
Ni 28.5 36.5 42.5 47.5 50.5 53.5 56.5
Cu 33.5 45-5 50.5 54.5 61.0 70.0 80.0
Zn 31.0 36.5 40.5 *1-5.0 48.5 51.5 54.5
Cd 30.0 36.5 40.5 45.0 51.5 55.0 49.0
T A B L E  4 2
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Percentages of divalent metals removed from a cation
exchanger by HCIO^ at constant pH.
pH of ; 1.0 , 0.85 , 0.75
solution
Metal
Be 56.0 *1-2.0 46,5
Mg 13.5 16.5 18.5
Ca 9.5 12.5 14.0
Sr 11.0 14.0 15.5
Ba 7.0 9.0 10.0
Mn 30.0 35.5 39.0
Fe 25.7 33.0 38.5
Go 28.5 35.5 39.0
Ni 29.0 34.5 38.5
Cu 33.5 42.5 **7.5
Zn 30.0 35.5 39.0
Cd 23.0 29.0 33.0
0.63 , 0.55 , 0.45 , 0.36
51-0 55.0 60.O 64.5
21.5 23.0 25.5 28.5
16.0 18.0 20.5 22.5
18.5 20.0 21.5 23.0
11.5 13.0 14.5 15.5
**3.0 47.5 53.0 59.0
44.0 47.5 49.5 50.0
46.5 52.0 56.5 57.5
46.0 52.0 56.5 59.0
52.5 57.0 61.5 65.0
43.0 47.-5 53.5 60.5
37.5 42.0 45.5 48.0
T A B .L E 43
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Approximate complexing powers of divalent metals
with P^ 0 .^
Metal
Be
Mg
Ca
Sr
Ba
pH of soln. 0.4 , 0.5 , 0.6 , 0.7 > 0.8 , 0.9 , 1.0
R 1.46 1.57 1.66 1.74 1.72 I ..69 1.47
D 29.0 33.5 35.0 36.0 31.5 27.5 17.5
R 3.22 3.50 3.70 3.8? 4.11 4.48 4.96
D 60.0 60.0 58.0 56.0 54.5 54,0 53.5
R 3.93 4.21 , 4.53 4.93 5.22 5.87 6.84
D 61.5 6l.O 60.0 59.0 57.0 56.5 55.5
R 3.24 3.46 3.68 3.74 4.07 4.48 - 5.27
D 50.5 50.5 51.0 48.0 47.5 47.0 47.0
R 4.57 5.27 5.63 6.33 6.58 7.31 7.79
D 53.5 55.5 55.5 55.0 53.0 50.5 47.5
R = % metal removed by P206
% metal removed by- .HC10,4
D -  (% metal 
removed
removed by P^ 0 
by ’ HCIO^J.
—  (% metal
T A B L E 4 4
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Approximate complexing powers of divalent metals
with P2 0^.
Metal
Mn
Fe
Co
Ni
Cu
Zn
Cd
Ln. 0.4 , 0.3 , 0.6 , 0.7 , 0 00 0.9 , 1.0
R 1.50 1.60 1.60 1.47 1.49 1.34 1.43
D 28.0 31.5 27.0 19.5 18.5 12.5 13.0
R 1.63 1.55 1.47 1.38 1.4l 1.42 1.35
D 31.5 26.5 21.5 16.0 14.5 12.5 9.0
R 1. ^ 7 1.52 1.60 1.68 1.67 1.62 1.56
D 27.0 28,0 29.0 29.0 25.0 20.0 16.5
R 1.42 1,38 1.37 1.44 1.50 1^54 1.6l
D 24.0
ITN•
oCM 18.5 19.5 17.5 17.5 17.5
R 1.33 1.42 - - - - «
D 33.5 25.0 - - - -
R 1.36 1.38 1.38 1.37 1.39 1.44 1.32
D 19.3 19.5 17.5 15.5 14.5 14.0 9.5
R 1.6o 1.76 1.78 1.71 1.69 1.65 1.63
D 28.0 33.0 30.0 25.0 21.5 14.5 14.5
R =s °/0 metal removed by P^ Og
°/o metal removed by .HCIO^
D ~  (° /o  metal removed by P^ Og)—(% metal removed by HCIO^)
T A B L E  4 5
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Approximate complexing powers of divalent metals
with P 0^.
Metal
Be
Mg
Ca
Sr
Ba
Ln, 0.4 , 0.5 , 0..6 . 0.7 ,
CO•O 0.9 , 1.0
R 1.48 1.60 1.69 1.78 1.86 1.91 1.92
D 30.0 34.5 36.5 38.0 38.0 36.5 33.5
R 2.28 3.04 3.30 3.56 3.86 4.23 4.74
D 48.0 49.0 49.5 50.0 5o.o 50.0 50.0
R 3.35 3.82 4.15 4.60 5.52 6.63
D 53.5 53.5 53.5 54.0 53.5 52.5 53.5
R 4.18 4.56 4.87 5.26 5.94 6.74 8.14
D 71.5 73.0 73.5 74.5 76.5 77.5 78.5
R 3.77 4.27 4.58 5.14 5.63 6.63 7.50
D 41.5 42.5 43.0 43.0 44.0 45.0 45.0
= % metal removed by H, P) °4
% metal removed by HCIO^ .
D =- (% metal removed by P0^}~(% metal removed by KCIO^)
T A B L E  4 6
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pH of 
Metal
Mn
Fe
Co
Ni
Cu
Zn
Cd
Approximate complexing powers of divalent metals
with H^PO^
Ln. O A , 0.5 , 0.6 , 0.7 , 0.8 , 0.9 , 1.0
R 1.19 1.25 1.27 1.25 1.2*f l.l*f 1.25
D 10.5 12.5 12.0 10.5 9.0 5.0 7.5
R 1.09 1.07
•
1.05
•
1.0*f
»
1.07 1.08 1.08
D k .5 3.5 2.5, 1.5 2.5 2.5 2.0
R 1.17 1.08 1.08 1.12 1.15 1.20 1.23
D 9.5 k .5 k .o 5.0 5.5 6.5 6.5
R 0.96 0. 95 0.99 1.06 1.0^ 1.00 0.98
D -2.5 -2.5 -0.5 2.5 1.5 0 -0.5
R 1.19 1.09 l.O^ f 1 .0 k 1.07 1.05 0.97
D 12.0 5.5 2.0 2.0 3.0 2.0 -1.0
R 0.91 0.98 1.01 1.02 1.01 1.08 1.03
D -5.0 -1.0 0*5 1.0 0.5 1.5 1.0
R l.l*f 1.25 1.22 1.23 1.2*f 1.28 1.30
D 16.5 11.0 8.5 8.0 7*5 7.5 7.0
: % metal removed by H^PO^
% metal removed by HCIO^
D = (% metal removed by H^PO^) - (% metal removed by HCIO^)
T A B L E  k7
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